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Chapter I 
INTRODUCTION 
Until recently, the current entering a motor during the 
transient starting period has been given little consideration. 
This is primarily a result of using small motors. Advanced 
technology is dictating that large motors are now necessary to 
power certain equipment. Therefore, it is necessary that some 
attention be directed towards studying the effects of starting one 
. of these large motors irrlividually, or more than one motor 
simultaneously. 
General Background 
Some years �gel"_ large inctuction motors were not started 
"across-the-line" at full voltage, but rather some devices were 
used to reduce voltage at starting time. The devices most commonly 
used to reduce voltage were reactors and auto-transformers. On 
occasions the part-winding starting method was used. 
The "across-�he-line" starting of squirrel cage motors creates 
the problem of drawing from four to eight times full-load current 
and on occasion a greater magnitude is required. The natural 
consequences of starting these motors in many cases where the power 
system is "weak" results in heavy momentary feeder voltage drop, 
abnormal operation of protective devices, and light flicker. However, 
full voltage starting has the advantage of being the most economical 
and the simplest starting method. A motor which is to be installed 
• 
•across-the-line" to a large capacity bus may draw full locked-rotor 
current and nru.st be designed to withstand the current at starting 
time. 
At the beginning,industry faced some problems, such as 
bracing the stator windings. However, other problems still exist 
and will persist. Primarily the main difficulty found is 
insufficient voltage at the motor terminals at the instant of 
starting and during acceleration. It can be shown that motor 
. torque available for acceleration is approximately proportional 
to the voltage squared. 
The magnitude of the line voltage determines the motor stator 
field which in turn determines the torque. In an induction motor 
the· stator nux induces the rotor voltage which produces the current 
in the rotor bars. Consequently, the current traveling over the 
periphery of the rotor produces the rotor magnetic field needed to 
supply torque. Therefore, there is an interdependence between the 
rotor nux and the stator nux and, hence, line voltage. Because 
of these relationships, ·an induction motor which experiences a 
reduced voltage will have a proportional drop in both stator and 
rotor ma.gneti� fields. This appears as an approximate square 
relationship between line voltage and available output torque. A 
motor may be designed ·with sufficient torque for the load, but a 
decrease in line voltage can cause available torque to be 
drastically reduced. For example, a 10 per cent drop in voltage 
could cause approximately 20 per cent drop in torque. This may be 
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the :margin between successful and unsuccessful operation. 
Pipeline pun:qJing stations may sometimes be located where a 
large power system capability is not present or is separated from 
the system by high feeder impedance. As a consequence, voltage dips 
are not only originated by· the motor accelerating current but also 
by the configuration of the system. 
Another aspect of the· problem is the grovrth of automation. 
Automat?-on, under conditions which may be severe, may produce 
non-predictaqle starting and stopping operation of motors. \'1hen 
the station is automatic, drive motors may be required to overcome 
open-valve pump torque. This case will not be considered because 
the load torque characteristics at the open-valve condition were not 
available and did not apply to this problem. This does not 
necessarily mean that starting the pump with closed-valve is always 
nmch "easier" on the motor.1 
other factors that are extremely significant to the 
acceleration of a motor are inertia and load torque. Centrifugal 
pumps have a low flywhee� effect and low starting torque requirements 
so high starting torque motors ar·e not needed· to drive these pumps. 
Large inertia and load torque usually cause a long acceleration time 
because the motor speed cannot be increased instantaneously. 1be 
greater the inertia, the longer it takes to change the speed. Thus, 
large inertia loads require large amounts of conduting material, 
usually copper, in the cage bars to absorb heat. Motor starting 
limitations are based on the amount of time required to transfer 
J 
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heat to the rotor iron. The inertia then dictates the total amount 
or copper that must be used in the construction of the cage bars. 
I! a motor is designed for repeated starting operation, 
sufficient copper must be placed in the rotor so that its temperature 
rise, following the first start, will be only half of its rated 
temperature rise. The second successive start will bring the 
temperature rise to near its full rated value. Before a third 
start may be attempted, sufficient time must pass to allow this heat 
to be transmitted to the rotor iron. -
The existence of any calculated net accelerating torque is not 
al.ways an indication of acceleration. In the first place, it is 
optimistic to assure that all power system conditions exist as 
calculated each tin1e the motor starts. In the second place, whether 
or not a motor will start depends upon load inertia as well as 
available torque. Total inertia is a result of the combined load 
and motor inertia with the latter being the largest component of the 
total rotating system inertia. Without lmowing the total inertia, 
the application enginee� cannot calculate the accelerating time and 
properly set relays which will protect the motor against damaging 
overload. At.least a 10 per cent safety margin is needed between 
motor.and pump speed-torque curves at all speeds of acceleration.2 
Therefore, inertia in conjunction with the load-torque determines the 
motor's pull-in torque characteristics. 
Another important factor when considering starting large 
induction motors is the inrush current. The magnitude of the inrush 
current upon starting large induction motors is based on the 
selection of motor characteristics to meet the torque req\lirements of 
the load. Usual�y this inrush kVA is at a low power factor, which 
initially will be within the range of 15 per cent and improve some 
during acceleration. This starting inrush extends over the whole 
period of acceleration, and depending upon the characteristics of the 
motor and load, may require three to 10 seconds or even longer to 
accelerate. In many instances, higher than needed starting torques 
are specified for a particular applic�tion. Motors which are started 
in a ve-ry short time, such as three or four seconds are subjected to 
very large stresses in the shaft, bearings and other mechanical and 
electrical parts. From this point of view, it is desirable to start 
the. motor over a longer period of time so as to decrease these 
st·resses. However, a short starting interval has the advantage of 
reducing the duration of voltage dips. Voltage dip is considered 
as an extreme voltage drop. The voltage dip which is not severe may 
be of nuisance value only, such as dimming lights. 
Voltage dips•may a1so adversely affect supervisory controls 
or other sophisticated devices requiring constant voltage power 
supply. The voltage dips which are severe may be sufficient to 
cause other motors to trip on undervoltage. In most applications, 
a 10 per cent voltage dip is considered tolerable and a greater 
voltage dip may be tolerated for some applications. When generation 
is provided at the location of the motors, the generator voltage 
regulators may respond to the voltage dip, and will effective�y 
5 
reduce the time duration of the voltage dip of th� system. A portion 
of the inrush current required for the starting of large induction 
motors can be supplied by static capacitors because of the low powe17 
factor of the inrush kVA. Thus, a portion of the reactive power can 
be furnished by these capacitors if switched on the motor bus 
sinru.ltaneously with the starting of the motor. The inrush from the 
power system can thereby be reduced and the associated voltage dip . 
is also reduced. 
In summary, the net acceleration torque is a function of motor 
current, voltage drop and power system behavior. A motor.having any 
given speed-torque curve may prove adequate on one system and 
inadequate on another. Therefore, no single shape of speed-torque 
curve can possibly serve all needs. The power supply limitations 
mu.st be considered.
1 
Problem Under Investigation 
A portion of this study analyzes the starting conditions of 
5,000 HP motors connected to a 4 ,160-volt bus. The power to the 
motors is supplied through a transformer with a nameplate rating of 
12/16/20/22.4 WTA, 115-4.16 kV. 
This study will include from one to five, 5 ,000 HP motors 
although the present installation consists only of two motors. The 
6 
transformer may supply power for five motors running at a steady-state, 
full-load condition without exceeding the maximum power rating. 
The eaui valent imoedance of the 115 kV system has been 4 4 
determined from the short-circuit on the 115 kV side of the 
transformer. The transformer impedance was given as 7.41 per cent 
on the 12 MVA rating which enabled the impedance value in ohms to be 
determined. The impedance of the cable has been calculated from 
information such as the length and number of cables per phase, 
lmown for this installation. 
The method derived by Lathrop et. al.5 has been followed in the 
analysis of the cases of the multi-operation of motors in parallel 
presented.in Chapter IV. In this method, special consideration has 
been given to the changes of voltage and current with speed, during 
acceleration process. These changes in voltage and in current are 
mainly due to the changes in motor impedance with motor slip. 
The calculations of voltages and currents during the 
acceleration period is followed by the calculation of available 
'acceleration torques and then by calculation of the incremental 
acceleration tiern. Finally, total starting time for the motor under 
acceleration is obtained. The previously mentioned calculations 
. 
have been done with the help of a digital computer. The program 
written is simple and easy to apply to a one-motor problem or to a 
multi-motor p;roblem. The only information required for this 
application is the motor current and torque curves versus speed, 
and the pump torque versus speed. Also, the total inertia of motor 
and pump is required. 
This program has been used for the analysis of the different 
cases, detailed in Chapter IV, in order to determine how the 
7 
sequential starting of the motors affect the motor bus voitage, as 
well as the available motor torque and consequently the acceleration. 
Based on the assumption that a 20 percent voltage drop is tolerable 
on the motor bus at the instant of starting, the study of these cases 
helps to establish the best scheme possible for sequential starting 
of these motors. Therefore, when the motor bus voltage is below the 
80 per cent requirement for satisfactory operation of the system, . 
shunt capacitors have been considered. These static capacitors will 
give the kVAR support specially required at the time of starting the 
motor. After acceleration, the capacitor bank may be disconnected 
from the bus depending on the ntunber of motors in operation.· The 
starting of motors with capacitor connected to the bus is studied in 
Chap'ter V. 
Hypothetical cases of starting a 5,000 HP motor when a 4, 000 HP 
motor is running have also been studied as· he.s the �ituc.tion of 
starting a 4 ,000 HP motor when a 5,000 HP motor is running. Both 
cases have been considered in order to determine which is the more 
severe on the system. Also, the simultaneous starting of two 
5 ,000 HP motors has been studisd. 
The equivalent circuit for the 4,000 HP has been supplied by 
�..r. E • . F. Merrill, Manager of Large AC Motor Engineering of the 
Westinghouse Electric Corporation. This equivalent circuit has been 
utilized for the calculation of the induced voltage and for the 
determination of whether or not a motor running at steady-state can 
co�tribute to the starting of a second 4,000 HP motor. This analysis 
8 
is carried out in Chapter VI. 
In the following pages, two photographs of a typical large 
induction motor are shown. These photographs were taken from a 
catalogue sent by Mr. Merrill. The first photograph, Figure (I -·l ) 
shows a weather-protected NEMA type II motor for outdoor operation. 
The second photograph, Figure (I - 2) shows the same motor with the 
panels, covers and air shield removed. The 5,000 HP ·motors 
consider0d in this study are similar in construction to the one 
.shown in these pictures. 
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Figure (I - 1 ), 
WE.ATHEH-PROTECTED, OUTDOOR LARGE INDUCTION MOTOR 
lo Stator 
2,. I:nsu .. 1ation 
J� Rotor 
4o Base 
5$ Bearings and Brackets 
Figure (I ... 2)� 
MOTOR OF FIGURE (I - 1) WITH PANELS, 
COVERS .f\.ND AIR SHIELD R@-'.TOVED 
Chapter II 
REVIEW OF LITERATURE 
The study of induction motors is nearly one hundred years old .• 
However, the first serious analysis on the subject started in the 
beginning of the twentieth century. One of the pioneers of these 
studies was S. J. Levine J, who in 1935, described a general 
analysis of the induction motor that was particularly useful in 
short-circuit fault problems. 
H. .C. - Stanley 4, in 1938, developed a method of analysis based 
upon a relatively few simple assumptions. This method i� applicable 
to the solution of a variety of transient and steady-state problems. 
He derived general equations that might be applied to multiple cases 
such as the analysis of the excessive current of starting induction 
motors. These equations could also be applied to motors under load 
conditions. The operational solutions are given in convenient form 
for short-circuit fault calculations and calculations of 
torques. 
12 
In 1951, c. M. Lathrop, et al. 5, developed a simple method for 
the dynamic analysis of starting large motors. The method is 
based on the data supplied by the manufacturer such as the 
performance characteristics of the motor and load obtained in the 
laboratory. Lathrop and co-workers determined the motor terminal 
voltage corresponding to the speed at a certain time of the 
ac�eleration process by a point-by-point method. From this 
theoretical de.,relopment, the available torque at reduced voltage was 
determined. As a result, the acceleration was obtained. This was 
applied to a system with only one motor. 
In 1954, D. F .  Shankle, et al. 6, using a method devised by 
C. F. Wagner 7, derived an· equivalent circuit that enables induction 
machines to be included with synchronous machines in the 
conventional transient-stability study. In this method, the 
induction machine is treated as a transient reactance X' with a 
transi·ent voltage E' behind this reactance. E' is determined by the 
excitation received from the system and modified by the slip.of the 
induction machine. 
I.n 1957 at the AIEE Winter General Meeting in New York,· 
D. S. Brereton, et. al. 8, presented a discussion of' the various 
methods of' representing induction motor loads during power system 
stability studies. The methods for determining the behavior or 
induction motors are as follows: 
1. Representation of motor and load as a simple impedance. 
2. Appro:xi.1n9.te representation of steady-state operation. 
3. Representation of the motor's mechanical transients only. 
4. Representation of both mechanical and motor electrical 
transient. 
5. Representation of the motor's mechanical transient and the 
·electrical transient of rotor and stator. 
The complete ana1ysis of the induction motor presented previously 4 
is not very convenient because of its complexitywh�n applied to the 
stability of large systems. The paper by Brereton 8 also contains 
step-by-step methods for calculation of the transient behavior of 
274241 
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the induction motor that is suitable for either an AC network 
analizer or a digital computer. 
M. R. Chidambara, et a1. 9 , in 1961 , derived expressions of the 
transient torque for a balanced )-phase induction motor in the cases 
of starting and reconnecting to the line. With the application of 
these expressions as well as the set of normalized curves given in 
the paper, it is possible to predict the peak transient torque for 
any motor with known values of parameters. 
Al.so in 1961 , an accurate method of computing voltages and 
torques associated with capacitor-excited induction motors was 
published by F. P. deMello, et al. 10• This development used the 
equivalent circuit of a double-cage induction motor paralleled with 
the capacitor and connected to the system's impedance by a switch. 
In 1964,  F. M. Hughes,� et al. 11 , published a significant 
paper on transient simulation of induction motors. They used the 
analogue simulation technique to provide a convenient general model 
from which both transient and unbalanced operations of a machine 
may be predicted. 
W. s. Wood, et al. 12, in 1964, did an e...-ic:perimental study of 
the transient _torques in induction motors. The connection of the 
supply confirmed that the transient torques are due mainly to the 
interaction between transient asymmetrical flu.x and alternating 
currents. 
In 1965 , s. Yamada 13 , 14 inciuded -th;-- ·effect of source-voltage 
fluctuation on the transier1t performan�e of the induction motor. He 
14 
analyzed the effect or the source-frequency variation which produced 
irregular rotation and torque fluctuations under the assumption of a 
�nusoidal voltage source. Digital and analog computers were used 
for the calculations. 
In 1965, H. H. Hwang l5 presented a paper discussing the 
problems or the unbalanced operation of induction and synchronous 
ma.chines. He derived differential equations referring to the moving 
axes ol and �. These equations were differentiated with respect to 
axes cl. and (3 from the general equation of the armature reactions as 
well as induced vol tag es. 
In 1965, G. J. Rogers 16 dis.cussed the effect of transients on 
an induction motor due to small voltage and torque disturbances. The 
parameters which determine the transient effect are obtained by a 
graphical (root-locus) method. It is shown that a lightly damped 
transient speed oscillation will occur at a frequency just below the 
supply frequency, in 50-Hertz- frequency motors. This oscillation is 
influenced only slightly by the machine parameters. 
R. D. Slater; _et· al. 17 in 1965, presented a general method of 
approach to transient-torque calculations by digital means. These 
calculations gave calculated typical data for a standard type 
J-phase motor and compared this data with the corresponding 
experimental recordings. 
R. Smith, et al. 18, in 1965, investigated n�erical and 
analytical solutions of equations describing the transient 
performance of an induction motor. A digital-computer program for 
15 
the numerical evaluation of transient currents anq. torques following 
connection to the supply was described. Furthermore, these men 
confirmed the theoretical predictions previously mentioned with 
experiments conducted on a 3-phase induction motor. 
In 1966, R. D. Slater, .et al. 19, determined the transient 
torque of a polyphase induction motor under any switching condition. 
They selected typical torque-time data for a five HP motor and then · 
compared the data with the experimental results. 
16 
Petrov, et al. 20, in 1967, determined that the shock transient 
torque can be limited by starting an asynchronous motor with non-zero 
electromagnetic initial conditions. The principal advantages of this 
innovation are retained drive responsiveness, smooth acceleration, 
and reduced shocks in all the units of the mechanism. The 
preconditions for limiting transient torques in schemes of 
conventional thyristor-type starters are realized without difficulty 
by adding smooth-starting auxiliary units. 
V. s. Ramsden, et al. in 1967 21, developed a set of equations 
suitable for the anaiysis of the dynamic performance of induction 
motors by digital computer techniques. Their work is based on the 
application of the o-d-q transformation derived by Park 22. The 
method is designed to be compatible with those used for the analysis 
of synchronous machines. The method is also adequate for the 
representation of induction machines in stability stt!dies. 
. R. Smith ,t et al. 23 in 1969, continued the· work done by 
deMello, et al. 10 and studied the influence of the terminal capacitors 
on the transient behavior of induction motors. In 1967, a paper was 
published in which they developed dif"f erential equations for tald.ng 
into account the effect of magnetic saturation. To solve the 
problem, they use digital-computer solutions and the results were 
compared with those obtained in the laboratory using a 7.5 HP motor. 
They studied three different cases: 
1. Transients after disconnection and reconnection to the 
supply with power-factor correcting capacitors. 
2. Transients after disconnection and reconnection to the 
supply of the machine operated as a capacitor-excited 
induction generator. 
3. Transients during magnetic braking of the motor. 
In 1967, a method was proposed by M. Y. Akhtar 24, which 
allows induction motors to be considered as frequency-dependent and 
dynamic machines. He also presented an approximate, rapid method 
that gave the change in active power input to an induction motor. 
This was due to the inertia and frequency-variation �ffects. The 
actual change for known power factor, inertia factor and full-load 
slip was within ± two per cent of the initial values. 
J. A. Zimmerman, et al. 25, in 1969, presented a paper in which 
they solved the problem of voltage dips with the application of static 
capacitors to the system. However, the application of static 
capacitors can create harmful resonant conditions and overvoltages due 
self excitation of the motors. 
17 
T. H. Barton, et al. 26, in 1972-unpublished, derived equations 
in matrix form for a generalized machine. The matrL'"'C is partitioned 
into rotor and stator sections. They genArallzed. the form of 
conventional polyphase symmetrical component transformation. The 
�thod is applied directly to the dynamic equations of a polyphase 
induction machine. The physical meaning of the sequence components 
is explained in terms of machine mmf .  and flux harmonics. 
B. T. Ooi, et al. 27, in 1972, investigated the mechanical 
failures in an experimental pulp refiner driven by an i�duction 
motor. The problem they confronted was electromechanical resonance 
caused by a load of large inertia that was coupled to the motor via 
18 
a stiff shaft. Previously, Ooi and co-workers considered ·a similar 
problem with a synchronous motor 28. The approach used was numerical 
integration of nonlinear system equations which shows large 
ele9tromechanical torque peaks during transients. 
Some mention should be made regarding a well-known figure in 
design and advancement of induction motors as well as other rotative 
electric machines; namely, Gabriel Kron. Since he is considered to 
be one of the greatest philosophers in the electrical engineering 
. 
profession and particularly in electrical machinery, the following 
paragraphs have been devoted to his work. 
In 1924 , _  Kron wrote his first paper entitled, "Generalized 
Theory of Electrical Machinery."' The paper was presented in 19JO, 
and published by the AIEE Transactions. In the first paper he 
cemented his future revolutionary ideas in the field of machines. 
Kron asked himself the questions, "Although all of the existing 
types of rotating machines seem to have been invented and developed 
• 
quite independently, is there not a 'universal structure' from which 
all possible types could be derived by simple laws? Moreover, is 
there not some basic equation in modern physics that applies equally 
to all moving electrodynamic systems, be they spinning electrons or 
rota.ting machines?" It was in the 19J0's when he started to give a 
systematic answer to those questions. He looked for adequate tools 
in the search for those new ideas and f_ound them in the non-Euclidean 
Geometry and the Tensor Analysis. Helped by these sciences he saw 
that the methods of treating invariant properties of equatio�s, when 
transformed into different spaces, could be useful in studying the 
performance of the various types of rotating ma.chines� The first 
result of his investigation in this way of ideas was the paper 
flNon-Riema.nnian Dynamics of Rotating Electrical Machinery. " From 
then on he started the writing of such a large, and a wide 
literature in the field of machines th.at probably no one can ever 
equal or surpass him. Most of the books, research papers, and 
other publications concerning ma.chines which were at this time 
published., were based on the ideas of Kron. Kron's literature 
is listed at the. end of the thesis under the title "Special 
Bibliography. " 
Under "General Bibliography" the reader may find the references 
concerning Rotating Electric Machinery. 
19 
Chapter III 
CHARACTERISTICS OF THE SYSTEM 
The single line diagram of the system is represented in 
Figure (III - 1). It consists of the transmission line, transformer, 
switchgear, motors and capacitor bank. The 115 kV transmission line 
connects the Utility system to the motor installation. This 
transmission line is directly connected to a low impedance 
115 - 4.16 kV transformer, rated at 12/16/20 MVA at 55°c 
temperature rise with an extra rating-of 22.4 MVA at 65°c 
temperature rise. 
The three phase fault levels on the 115 and 4.16 kV buses are 
also shown on Figure (III - 1). The fault contribution is only from 
the.115 kV system and does not include contribution from the motors. 
The 4.16 kV side of the transformer is connected to the 4.16 
kV substation bus by JO feet of eight parallel, 500 MCM copper 
cables per phase. The cables are in�talled in eight conduits 
containing one cable of each phase per conduit. The pipe-line 
pumping station actually starts in the switchgear. The motors are 
connected to the switchgear by about 125 ft. of two parallel, 
500 MCM copper cables per phase. 
Three capacitor banks of 2,250 kVAR each are shown on the 
4.16 kV bus. They are connected in an ungrounded wye configuration 
and may be applied to the 4.16 kV substation bus by closing an 
associated circuit breaker. The capacitor bank is available for the 
sequential starting of any installed motor. 
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Figure (III - 1). 
SINGLE LINE DB.GRfJ•! OF T:!E SYSTEM 
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The motors installed in this station are Ge1 eral Electric and 
are rated 5,000 HP, 4,160 Volt, 4 poles and 60 Hertz. The full load 
torque a.t rated speed and rated voltage is 14,585 lb-ft. , and the 
rated f'ull. load current is 585 Amperes. The full load speed is 
1, 785 rpm while the temperature rise is 90°c with a service factor 
of 1.15 at this temperature rise. The inertia value, WR2, of 
these motors is 3,200 lb-ft2. 
The pumps are directly shafted to the motors and have a low 
inertia value, wa2, of 479 lb-ft2. These pumps are supposed to be 
operated in series, since this is the most common case in pipe-line 
installations. The impedances of the different elements of the 
system are calculated in the following pages • 
.A. .Bases adopted. 
The bases taken for the calculations on the following para­
graphs are: 100 'W/A and 4.16 kV. From these two bases the currents 
and impedance bases are easily obtained. 
Base current: From equation (J), of Appendix A 
(100 �WA) I (1. 73) (4.16 kV) = 13,895 A 
Base Impedance: From equation ( 4), of Appendix A 
(4,160 Volt) / (1. 7J) (lJ,895 Ampere) = 0.17306 .fl. 
B. Equivalent System Impedance (Ze5) 
The calculation of the 115 kV system impedance is based on the 
J phase fault level on the 115 kV bus. This J phase fault value is 
l�06 MVA. Therefore, from equation (7) of Appendix A, the impedance 
in per unit on the 100 ?'NA base will be: 
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(100 MVA) / (406 MVA) = j 0.246Jl pu. 
The actual impedance in ohms from equation (8) will be: 
Z95 = (0.246Jl) (4.16)2 I (100) = j o.04263 .1l 
This impedance will be considered entirely reactive. In 
Figure (III - 2), the impedance diagram of the system is shown and 
the above impedance and the impedances calculated in the following 
are represented in this figure. 
C. Transformer Impedance. (Zt). 
The transformer impedance is 7.41 per cent on 12 �A rating. 
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No mention is given to the proportion of real and imaginary components 
of this ··impedance. However, it is well known that the resistance 
part of the transformer is trivial in comparison to the reactive 
part. Therefore, only the reactance will be considered in this 
calculation. 
From equation (7) of Appendix A, the new per unit transformer 
impedance will be: 
·zt = (0.0741) (100) I (12) = 0.6175 pu. 
Using equatio� (8, of Appendix A, this per unit impedance may 
be transformed to an actual impedance on a 100 MVA base_, 
(0.6175) (4.16)2 (10)3 I (100,000) = j 0.10686 Jl 
D� Cable Impedance. (Z ). . c 
parts: 
The calculation of this impedance is divided into the following 
1. Cable from the 4.16 kV substation bus to the switchgear. 
Length of cable: JO ft. 
Base: 100 MVA 
4.16 kV 
4.16 kV 
. . 
� Zc = -jl4.82 pu 
Equivalent Generator 
115 kV 
Zes = 0.24631 pu 
zt : 0.61750 pu 
Zc 
= (0.01005 + j0.01219) pu 
5,000 HP 
4,160 V Motors 
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ZMs • (0.62138 + jJ.6019) pu 
ZMr = (21.859 +j9.2663) pu 
Figure (III - 2). 
POSITIVE SEQUENCE IMPEDANCE DIAGRAM OF THE 
SYSTEM IN PER UNIT 
Type of cable: 500 MCM, copper conductor. 
Number of cables per phase: 8. 
The Westinghouse Transmission and Distribution Book 
(Table 10, page 8J), has been used in the calculation of the two 
portions of the cable. The following formula was , then , utilized 
in the calculations: 
z.. = z = r + j (x + xd ) .1. 2 c a 
In the preceeding equation , 
(J - 1) 
� = z2 = positive and negative impedance of the cable. 
r0 = Resistance of one conductor. 
xa = Reactance at 12 inches. 
XQ = Reactance spacing factor , calculated from.Table 12 of the 
same Westinghouse book. 
Now if we call the impedance of this portion of cable z01 
zcl = (0.1J8 + j 0.168) n. per phase per mile 
The impedance for the JO feet of cable will be: 
zcl = (0.138 + j 0�168) (JO) / (5,280) = 
(0.00078 + j 0.00095).0. per phase 
And since there are 8 cable per phase: 
zcl = (0.00078 + j 0.00095) I (B) = 
(0.00010 + j 0.00012).!2. per phase 
2. Cable from the switchgear to the motors ( Zc2). 
Length of cable: 125 feet. 
Type of cable: 500 MCM, single c.opper conductor. 
Number of cables per phase: 2 
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As calculated previously the impedance for .this portion of 
cable will be: 
z = (125) (0.138 + j 0.168) I (2) (5,2ao) = c2 
= ( O. 00164 + j 0 .• 00199) .fl. per phase 
Therefore, the total impedance of cable per phase is: 
Zc = Zcl + Zc2 = ( O. 00010 + O. 00164) + j ( O. 00012 + O. 00199) = . 
= (0.00174 + j 0.00211) J1 per phase 
From equation (9) of Appendix A, the per unit impedance of 
.the cable is calculated: 
zc = (0.00174 + j 0.00211) I co.173) 
(0.01005 + j 0.01219) pu 
E. Motor Impedance ( ZM). 
The impedance of the motor is changing during the period of 
acceleration. For this reason, at present, only two values of the 
motor impedance will be considered: 
1. Starting motor impedance (rotation o+) (ZMs) 
The impedance corresponding to the instant the motor 
is started, is calculated as follows: 
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J � J. = (VTS) I (1.73) (I5) (J - 2) 
= (4,160) I (1.73) (3802) = 0.63237 J1. 
Where: 
VT = Line-to-line voltage at motor terminals s 
Is = (6.5) (Rated current ) = (6.5) (585) = J,802 A 
The constant 6.5 is the value read from the curve of 
current versus speed of the 5,000 HP motor at zero speed. Reading 
also the corresponding power factor for zero speed on the 
characteristic curves of the 5,000 HP motor, the following real 
arrl imaginary parts of impedance will be obtained: 
RMs = f zms I· cos � = (0.63237) {0.17) = 0.1075 
� = I Zms \ • sin �l = (0.6J2J7) (0.9854) = j o.62JlJ 
The combination of both equations yields: 
ZMs = ( 0.1075 + j 0.62JlJ ) ..0. 
And from equation (9) of Appendix A, 
z1'1s = (0.1075 + j 0.623130) / (0.173) 
= (0.621J8 + j J.60190) pu 
2. Rotating Motor Imped ance (ZMn) 
The motor impedance at any speed n, during the acceleration 
will. be equal to: 
� = ( VT ) / (1.73) (In) (J - J) 
Where: 
VTn = Line-to-line voltage at motor terminals for the 
speed of motor considered • 
. 
In = Ope�ating current for the same speed. 
Therefore, the impedance of the motor for the rated speed, 
1785 rpm, (ZMr� will be: 
I ZMr I = (VTr ) / (1.73) (Ir ) (3 - 4) 
= (4,160) I (1.73) (585) = 4.11046 ...0. 
And reading from the curve of power factor, Figure (IV - 1) 
the corresponding value at rated speed, 0.92, the real and imaginary 
parts of impedance can be obtained: 
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� = I zmr I ·  cos �2 = (4.11046 ) (0.92 ) = 3.78162 Jl. 
� = I Zmr I · • sin �2 = ( 4.11046 )  ( 0.39 ) = 1. 60307 J1.. 
The impedance, then will be : 
ZMr = (3. 78162 + j 1. 60307 ) J'l. 
And from equation (9 ) of Appendix A, 
� = (3.78162 + j 1.60307 ) I c o.173 ) 
= (21.8590 + j 9.26630 ) pu. 
F. Capacitor
_ 
Bank Impedance ( Z 
C) 
It was mentioned before tha.t the capacitors are connectSd in 
an ungrounded wye and the bank is formed by three 2 ,250 kV.AR units. 
Figure •( III- J ) ,  shows the capacitor bank used in installatio�s of 
this type. 
Assuming that there is 2,250 kVAR capacity per phase, the 
current per phase passing through the capacitor bank (I0) will be : 
Ic = (kVAR3_ph�./ (1. 73) (VL - L ) (J - 5 )  
= (2,250 ) (3) I (1.73) (4.16) = 937.91685 A 
In this expression :  
. , 
kVAR3_ph = Three phase installed capacitor bank 
v1 _ L = Line-to-line voltage at capacitor bank 
The impedance per phase of the capacitor bank will be : 
(3 - 6) 
= (4,160 ) I (1.73) (937.9 ) = -j 2.56383 Jl 
And from equation (9 ) of Appendix A, the per unit impedance 
o� 'the bank will be : 
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UNGROUNDED WYE-CONNECTED CAPACITOR BANK 
z0 = - ( j2.56;a3 ) I < 0.173 ) = -j I4. a2 pu 
Thie impedance is  pure reactive and opposite in sign to the 
system , transformer and motor reactances • 
. , 
JO 
Chapter IV 
ACCELERATION TIME CALCULATIONS 
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In this chapter the pos sibility of sequential acceleration of 
five 5 ,000 HP is investigated. The calculation of acceleration time 
requires some other previous calculations such as calculating the 
changing equivalent motor impedance during the starting interval. 
This changing impedance determines the changes in current and voltage . 
at the motor bus and, consequently, the variation of available torque 
at the mo.tor shaft. 
The method expressed by Lathrop and Schleckzer 5 , is  followed in 
the investigation. This method requires that the allowable vqltage 
drop first be determined under the particular circumstances of the 
system. In this case the figure is 80 per cent voltage drop. 
Although the first impression is  that this figure may be too high 
it is not true, since the motors are served by a line designed for 
this purpose and the line is connected to the 115 kV system. 
Inasmuch as there are no other loads on this line, the starting 
effect will be insignificant and produce no intolerable voltage drop 
to other customer.s. 
Some other data is  required to carry out this investigation such 
as the WR2 or combined inertia of motor and pump. This and the rest 
of the required data is given in Table ( IV - 1). 
The other important piece of required information i s  the variation 
of motor current, motor torque and pump torque versus speed at t.he 
rated voltage. The information is usually shown in the 
• 
characteristic curves of the motor and is  supplied by the 
manufacturer. 
These curves are given in Figure (IV - 1 ) .  In the same figure , 
the ·curve of power factor at various speeds is  also shown. The 
power factor variation will not be considered in the calculation of 
the acceleration time. However ,  additional calculations of 
impedance , current and voltage are desired ; thus , the power factor 
will be introduced into the data in Table ( I V - 2 ) .  
Table (Iv- - 1 )  
CHARACTERISTICS OF 5 ,000 HP MOTOR AND. PUMP 
Pump inertia WR2 = 479. 0 l 
.
b - ft 2 p 
Motor inertia WR2 M = 3 ,200. 0 1 b - ft
2 
Motor current and torque - vs speed ( See Fig .  (IV - 1)) 
Pump torque - vs speed (See _Fig .  (IV - 1 )) 
A. Acceleration of sequential operation of five 5 ,000 HP motors . 
Case No . 1 .  
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Figure ( IV - 2) represents the single line diagram. Figure 
(IV - 3)  represents the impedance diagram of the system for the 
case. The generator shown represents the equivalent generation 
of the system. 
Zes = 115 kV system equivalent impedance 
Zt = Transformer impedance 
Zc = Cable impedance 
ZMl = Changing equivalent motor no. 1 impedance 
Zs = Zes + Zt + Zc 
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. CHARACTERISTICS OF THE 5 , OOO HP MOTOR 
( SUPPLIED BY GENERAL ELECTRIC CO .  ) 
90 
,. 
.9  
. o  
. 7 
. 6  
• 5 
. 4 
. J 
. 2  
.1 _J 
100 
... 
� 0 
c1' 
Cs. 
... «> 
� 
'1-. 
� 
� 
Speed 
(RPM) 
1 o .  
2 1 8 0 . 
3 3 6 0 . 
4 5 4 0 .  
5 1 2 0 . 
6 9 0 0 . 
7 1 0 8 0 .  
8 1 2 6 0 . 
9 1 4 4 0 . 
1 0  1 5 3 0 .  
1 1  1 5 7 5 .  
1 2  1 5 9 -/ . 5 
1 3  1 6 2 0 . 
ii 
1 4  1 6 4 2 . 5  
1 5  1 6 6 5 .  
1 6  1 6 8 7 . 5 
1 7  1 7 1 0 .  
1 8  1 7 3 2 . 5 
1 9  1 7 5 5 .  
2 0  1 7 7 7 . 5  
2 1  1 7 8 5 .  
2 2  1 7 9 1 .  
Table (IV -2 ). 
DATA OF THE 5 ,000 HP MOTOR AS 
READ FROM FIGURE (IV -1 ) .  
C\:lrrent M. Torque 
(ioo;t Volt ) (l Oo;.6 Volt ) 
. 3 8 0 0 . 1 4 5 8 5 . 
3 7 8 0 .  1 3 7 1 0 .  
3 7 2 0 .  1 3 7 1 0 .  
3 6 8 0 .  1 4 2 5 0 . 
3 6 6 0 .  1 4 8 8 0 .  
3 5 8 3 . 1 5 7 5 0 .  
3 5 1 0 .  1 6 6 5 0 . 
3 4 1 0. 1 7 5 0 0 .  
3 2 40 . 1 9 7 0 0 .  
3 1 3 0 .  2 2 5 0 0 . 
3 0 7 6 . 2 5 2 32 . 
3 0 2 1 .  2 7 1 0 0 .  
2 9 8 0 . 2 9 C OO .  
2 92 0 .  3 2 5 0 0 . 
2 8 5 0 .  3 4 6 0 0 . 
2 7 5 0 .  3 5 3 0 0 . 
2 6 3 0 . 3 5 3 0 0 .  
2 4 4 2 . 3 4 6 0 0 . 
2 0 4 2 . 3 1 4 0 0 . 
1 1 7 0. 1 6 9 0 0 .  
6 7 5 . 1 4 5 8 5 .  
2 9 3 . 2 9 1 7 .  
Pump 
Torque 
o .  
2 9 2 .  
5 8 4 .  
1 0 2 1 .  
1 6 0 4 . 
. 2 3 3 0 .  
3 5 0 0 . 
4 9 5 0 . 
6 4 1 0 .  
7 1 5 0 . 
7 5 7 0 .  
7 8 7 0 . 
8 05 0 .  
8 1 6 0 .  
8 4 5 0 .  
8 600 . 
8 7 5 0 . 
9 02 5 .· 
9 3 2 5 .  
9 3 7 0 . 
9 4 8 0 . 
9 6 2 6 . 
. . 
Power 
Factor 
0 . 1 10 
0 . 1 7 5 
0 . 1 8 0  
0 . 1 8 5  
0 . 1 9 0 
0 . 1 9 5 
0 . 2 2 5 
' 
0 . 2 5 0 I 
0 . 2 8 5  
0 . 3 2 5  
0 . 3 6 0 
0 . 3 7 5  
0 . 4 0 0  
0 . 4 3 0  
0 . 4 7 0  
0 . 5 1 5  
0 .- 5 6 0  
0 . 6 3 5  
0 . 1 2 0 
0 . 8 5 0 
0 . 9 5 0  
0 . 9 7 0  
� 
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zt = j o.10686 
zc = ( 0. 00174 + j 0. 00211 ) 
Zes = j 0. 04263 
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Figure ( IV - J ) .  
POSITIVE SEQUENCE IMPEDANCE DIAGRAM FOR CASE No. 1 
. ZMl 
\,..) 
°' 
The impedances are given in ohms because cal&..tl.ations will be 
performed wl th actual uni ts. 
a. Calculation of initial voltage drop. 
The initial per· cent voltage drop (Vd ) can be determined 
from the equation: 
� Vd = (100 ) (Xs )  / (Xs + 0. 577 VT) 
Is 
All the above magnitudes have been defined in previous 
chapters .  From Figure (IV - J )  the values for the 
calculations are: 
Therefore , 
Xs = 0 .1516 
VT = 4 ,160 V 
Is = J ,800 A 
'fl, Vd = (100 ) ( 0. 1516 ) I [< 0.1516 + ( o. 577) ( 4160 ) ' JI 3800 
= 19 . 33525 "' 
This is �thin the allowable limits and therefore no 
transformer impedance and/or cable impedance correction is  
required .  The reduction of the sys tern impedance (Xs ) will 
increase the breaker interrupting duty and for this reason , 
the interrupting capacity of breakers should be considered 
before any impedance reduction is decided. 
b. Acceleration time calculations 
The method for the calculation of the accelerating time 
is based upon the data shown in Table (IV - 2 )  whl_ch 
J7 
originated from information obtained from the performance 
curves in Figure (IV - 1). The acceleration of a motor 
is  proportional to the available net torque , which , in 
turn i s  a function of the square of the voltage at the 
motor terminals for a particular speed. The torque of 
the pump will vary only with speed. Therefore , the 
difference between the required torque of the pump and 
the developed motor torque under the particular voltage 
corxli tion is  the net torque- used for acceleration. · 
The current and motor torque values , are those read 
directly from Figure ( IV - 1 ), corresponding to 100 
per cent voltage. These values are tabulated in 
Table (IV - 2 ). Due to the fact that the rated slip of 
the motor is approximately 0. 008J , which is very small 
magnitude,  the readings of motor current and torque shown 
in the last four rows of Table (IV - 2 )  are not accurate. 
Therefore ,  it was necessary to adopt the following 
assumptions': 
(i ) . - When the motor arrives at the nominal full load 
speed of 1785 rpm1the torque of the motor i s  the 
one specified for this condition. 
(ii). - The value of assumed full load current i s  15 
J8 
per cent higher than nameplate rated value .  This 
assumption is based on the 1.15 service factor 
specified for this motor. The indicated 
performance characteri stic value of current 
corresponding to 1785 rpm. is higher than 150 
per cent of the rated current. This does not seem 
to be realistic.  The rest of the values shown on 
Table ( IV - 2 ) are believed to be within the 
tolerances .  
A look at Figure ( IV - 1) indi cates that the 
motor torque at 100 per cent voltage is 100 per 
cent higher than the pump torque almost all the 
way from 0 rpm to the rated speed of 1785 rpm. 
And even with a voltage drop of 20 per cent the 
motor torques are 60 per cent higher than pump 
torques . Thi s indi cates no diffi culty in starting 
and accelerating the first motor . The fact that 
the load has a low inertia is another indi cation 
of an easy acceleration period . 
Acceleration i s  assumed usually when the motor  
. 
torque is  higher than the load torque . However , 
this i s  not always a complete guarantee of a 
satisfactory operation. If motor torque values 
do not exceed the load torque values by 10 per 
39 
cent , all the way through rated speed , acceleration 
1 
is not as sured • 
The calculation of accelerating time requires 
ma ny o perations and would be very tedious and time 
consuming to do these calcul ations by hand. For 
thi s  reason a comp uter p rogram was developed . 
Thi s  program is easy to apply to one moto r  pro blem 
or to a multi -motor problem. The following pro-
cedure sequence was utilized in the comp uter cal-
culations. The sequence of operations � s  
illustrated in Figure (IV - 4 ) .  
1 .  Calculation of the changing equivalent motor 
. . 
imped ance. (ZM) 
The exp ression below was used for the cal-
culation of this impedance. 
ZM = (VT) I (1 . 73 ) ( CM) 
= ( 0.577 ) (VT )  I ( CM )  (4 - 1) 
ZM = Changing motor imp edance in ohms . 
VT = Li ne-to-line nameplate voltage in volts. 
CM = Motor current at 100 per cent voltage, 
from Figure (IV - 1 ) in Amp eres • 
The motor current ( CM) is somewhat less than 
tabulated, due to the system voltage drop. &it 
. since the voltage will be also smaller, the re­
sulting impedance will be approximately the same. 
This was confirmed during computer program 
calculations when the current was - corrected for 
each speed considered by using a previously 
40 
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4 1  
calculated motor terminal voltage.  Values cor­
responding to 180 rpm speed were calculated by 
considering 80 per cent voltage and the corres­
ponding �rent at 80 per cent voltage .  Thi s  in­
dicated that .the motor equivalent impedance is  
constant for a certain speed , regardless of 
terminal voltage arrl that the current is 
approximately proportional to motor terminal volt­
age for each speed . Thi s may be visualized by 
considering the equivalent circuit of the· motor in 
which leakage reactance is so large in compari son 
with the stator and rotor reactances that 
magnetizing current is  negligible. 
2 .  Calculation o f  input current per phase ( CIN ) .  
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This is  defined as the current due to a voltage 
of 1 . 0 per unit , impressed on the total impedance , 
as sh�wn of Fig .  (IV - J ) . The 1 . 0 per unit voltage 
is  assumed constant at the 115 kV equivalent system 
during the acceleration of the motors . 
In Case No . 1 it is  obvious that the input 
current will be the same as the current entering 
each phase of the motor. This will not be the 
case for subsequent cases with several motors 
operating sinntl.taneously. The calculation will be 
accompli shed by the use of thi s expres sion :  
CIN 
CIN 
ZM 
E 
= ( E ) / (1. 73) (ZM + Zs ) 
= ( 0 .577 )  ( E )  / ( ZM + Zs ) (4  2 )  
= Current entering the motor bus in amperes . 
= Motor impedance , from equation (4  - 1) in 
ohms . 
= Line-to-line voltage at the equivalent 
generator terminals , assumed constant 
during acceleration. 
= System impedance = Zes + Zt + Z • 
These 
values were defin� in Chapter frr . 
ZM and Z5 should theoretically be added 
vectorially; however , for over 90 per cent of the 
range of speeds considered , the motor power factor 
varies from
. 
0.17 to 0.40. For this range of speed 
the impedance will be mostly reactive . 
Previously in Cha.pter III , it was considered 
4J 
that the system and transformer impedance were solely 
reactive and no significant errors were introduced 
when added arithmeti cally. It is  believed that the 
' 
error introduced is  really negligible during the 
calculation of accelerating time . However ,  similar 
calculations are carried out in complex form in 
Cnapter V for further investigation and for more 
accuracy in voltage bus and in input current cal-
culations . 
J. Calculation of voltage at the motor terminals (V ) � 
This calculation i s  just a consequence of the 
. .  
two preceeding steps. 
V = { CIN )  (ZM) (4 - J )  
V . = Line-to-neutral voltage at the motor bus 
in volts. 
4. Per cent of motor voltage (PMV ). 
Thi s  is accomplished by the formula : 
PMV = (100 ) (1 . 73) (V) I . (VT )  ( 4  - 4 )  
V = Motor bu s  voltage calculated previously by 
equation (4 - J) .  
VT = Rated line-to�line · motor voltage. 
5 . Calculation of reduced voltage torque (RVT) and per 
cent of full voltage torque (PFVT ).  
It was mentioned previously that torque is  
proportional to available voltage squared for a 
parti cular speed. Thus, from equation (4 - 4 ) , the 
following equation is easily derived : 
PFVT = (100 ) (VJ V )  ·2 I (VT )2 
= ( J )  (100 ) (V)2 I (VT )
2 
. ' 
(4  - 5 ) 
And the reduced voltage torque at any speed can be 
obtained by: 
RVT = (PFVT ) ( TM) I 100 (4  - 6 )  
RVT = Reduced voltage torque 
PFVT = Per cent full voltage torque 
™ = Torque of motor fr9m Table ( IV - 2 )  for 
the considered speed. -
6.  Calculation of incremental acceleration time. 
The incremental acceleration time is calculated 
by the following formula which will be derived in 
Appendix B. 
� t  = ( J . 25 )  (10 )-3 (WR2 ) . (N2 - Nl ) I AT (4 - 7 )  
� t  = Incremental acceleration time in seconds. 
WR2 = Total inertia of motor and pump in lb - ft 2 
N2 = Motor speed in rpm at a certain instant · 2 
N1 = Motor speed in rpm at a certain instant 1 
A T  = Incremental torque in lb - ft2 
The incremental torque, AT, is defined as the 
average difference between the motor torque and the 
pump torque and can be calculated by this expression : 
(4 - 8 )  
RVT1 & RVT2 = Reduced voltage torque at a certain instant 1 and z. 
= Torque of the load at a certain instant 
1 and 2.  
Figur,e (IV - 5 ) shows how the incremental torque was 
obtained. 
The application or equation (4 - 8 )  to equation 
(4 - 7 ) for each of the speeds considered, gives the 
partial acceleration time, and the algebraic addition 
or incremental times gives the total acceleration time. 
The procedure followed in the computer calculations 
used in the solution of the present study i s  illus-
trated by a flow chart on Figure (IV - 4 ) .  The results 
45 
4 6  
t 
1 ,.. S peed 
Figure ( IV - 5 ) .  
REPRESENTATION OF INCREMFrNTAL TORQUE ( �  T )  
for the acceleration of the first motor are indicated 
in Figure (IV - 6 ) .  The computer program may be 
round in Appendix C, Figure ( C - 1 )  • 
. ' 
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Case No. 2 As motor no. 1 is running at steady-state, motor 
no. 2 is  started. 
· Figure (IV - 7 )  shows the single line digram of the system for 
this case. The motors shown with dotted lines are the ones which 
are not in operation. The impedance diagram of the system is  
indicated in  Figure (IV - 8 ). The sequence of calculations i s  the 
same as in Case No. 1 and therefore, no explanation is · given here. 
The impedance of the motor under acceleration will change with 
speed as was the case for the acceleration of motor no. 1. The 
input current entering the motor bus will differ from Case No. 1, 
because of the combined effects of motors no. 1 and 2 .  
The per phase input current in motors no. 1 and 2 will be in-
versely proportional to the equivalent motor impedance. When the 
motor no. 2 arrives to steady-state, the impedance of both motors 
will be equal and, therefore, the current will also be equal. The 
calculation of the per phase  distribution current for motors no. 1 
and 2 is  as follows : 
CINl = (CIN ) ( ZM2 )  I ( ZMl + ZM2 ) 
CIN2 = (CIN) ( ZMl )  I ( ZMI. + ZM2 ) 
ZMl.. is considered a constant impedance and 
(4 - 9 )  
(4 - 1 0 )  
ZM2 is the changing equivalent impedance of motor no . 2 . The 
r·esul ts for Case  No. 2 are indicated in Figure ( IV - 9 ). 
12/16/20//22 . 4  MVA 
115-4. 16 kV 
1. 0 pu voltage 
. ' . 
Figure ( IV - 7 ) . 
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5 , 000 HP 
4 ,160 v 
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' SINGLE LINE DIAGRAM FOR CASE No . 2 
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Zes = j 0. 04263 
f4uivalent 
Generator 
1 . 0  pu voltage 
Zt ::: j 0.10686 zc = ( 0. 00174 · + j 0. 00211 ) 
· . · ! 
'� .. .. . .  
� ,, : • • 1 
Figure (IV - 8 ) .  
POSITIVE SEQUENCE IMPEDANCE DIAGRAM FOR CASE No. 2 
zr.n. = 3.55603 
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Case No . 3 As motors no . 1 and 2 are running at steady-state , 
motor no. J is  sUJ.rted • . 
The single line diagram is shown in Figure (IV - 10 ) .  The 
positive sequence impedance diagram is  shown in Figure (IV - . 11 ) .  
As in Case No . 2 the combined motor impedance plus the system 
impedance w.i.11 determine the total input current to the bus .  The 
total motor impedance is calculated as follows : 
ZMT : ( ZMJ )  ( ZMI.2 ) I ( ZMJ + ZM12 ) (4 - 9 )  
ZMl.2 � s  the combined impedance of mo-tors no . 1 and no . 2 .  ·The 
other impedance s. are shown in Figure (IV - .11 ) . 
The current distribution during the acceleration may be 
calculated by the following formulas : 
CIN 1 = ( CIN) ( ZM2) ( ZM3) 
ZMl. + ( ZM2 ) ( ZMJ ) 
CIN 2 = ( CIN) (ZMl) (ZM3) 
ZM2 + ( Zl-0. )  ( ZMJ ) 
CIN ) = ( CIN) ZMJ..2 
ZMJ + ZMl.2 
(4 - 10 ) 
(4 - ll )  
(4 - 12 ) 
The values of �mpedances in expressions (4 - 9 )  to (4 - 12 ) 
are fixed values with the exception of ZMJ and ZM T, the changing 
impedance of the motor under acceleration. ZM12 is the combined 
equivalent impedance of motors no . 1 and no . 2 . The results of 
tp.is case are - shown in Figure (IV - 12 ) .  
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12/16/2 0//22 . 4 WJA 
115-4. 16 kV 
1 . 0 pu voltage 
. .  
· -� 5 , 000 HP -..- -- --� 4 ,160 v 
.... .... , - ,  -:• C- - - - -' 4 ' \ I 
� .., 
5 , 000 HP 
4 ,l60 v 
5 , 000 HP 
4 ,160 v 
Figure ( IV - 10 ) .  
SINGLE . LINE DIAGRAM FOR CASE No . 3 
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•'! 
Zt = j 0. 10686 
Zes = j 0. 04263 
Equivalent 
Genera.tor "" ·· · ·  
1 . 0  pu voltage 
zc = ( 0. 00174 + j 0. 00211 ) 
Figure (IV - 11 ). 
POSITIVE SEQUENCE IMPEDANCE DIAGRAM FOR CASE No. J 
zm = J. 55603 
ZM2 = J. 55603 
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Case No . 4 As motors no . 1 ,  2 and J are running at steady-state , 
motor no . 4 is  started. 
Figure ( IV - 13 ) shows the single line diagram of the system. 
The positive sequence impedance diagram is shown in Figure ( IV -14 ) .  
The total combined motor impedance is  calculat6d by the following 
expression : 
ZMT = ( ZM4 ) ( ZM12J ) I ( ZM4 + ZM1.2J ) (4 - 13 )  
ZMl..23 is  the combined impedance of motors no . l , . no . 2  and no . ; .  
Th e  per phase current distribution in motors no . 1 ,  no . 2 ,  
no. J and no . 4 are calculated as follows : 
CIN 1 = (CIN) (ZM4) (ZM23) 
zm + ( ZM4 )  ( ZM2J ) 
CIN 2 = ( CIN) (ZM4) ( ZMlJ l 
ZM2 + ( ZM4) ( ZMLJ 
CIN J = ( CIN) (ZI-14) (ZM12l 
ZMJ + ( ZM4 )  ( Zfil2 
CIN 4 = (CIN) (ZMl.23) 
ZM4 + ZM12J 
(4 - 14) 
(4 - 15 ) 
(4  - 16 )  
( 4  - 17 ) 
All the above �mpedances are considered constant during the 
acceleration with the exception of ZM4 and ZMT. 
ZlvD.2 = Combined impedance of motors no . 1 and no . 2 
ZMlJ = Combined impedance of motors no . 1 and no . J 
ZM2J = Combined impedance of motors no . 2 and no . J 
The results of the computer program for thi s case are indicated 
in Figure (Iv - 15 ) • 
12/16/20//22 . 4  W/A 
1:15-4.16 kV 
1 .  0 pu vol tage 
uivalent 
Generator 
. . . 
5 , 000 HP 
4 ,160 v 
5 , 000 HP 
4 ,160 v 
5 , 000 HP 
4 ,160 v 
�_14\ 5 , OOO HP 
J 4 ,160 V 
.... ..... , - ,  
·� �- - - - .1 5 ' \ I 
..... _, 
Figure (IV - lJ ) .  
SINGLE LINE DIAGRAM FOR CASE No . 4 
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Zes = j 0  •. 04263 
Equivalent 
Generator 
1 . 0  pu voltage 
Zt = j 0.10686 Z0 = ( 0,. 00174 + j0. 00211 ) 
I 
' ; 4 
. .  
I',_ .1 , . . ../ ' ,. � -- . 
Figure ( IV - 14) .  
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POSITIVE SF�UENCE IMPEDANCE DIAGRAM FOR CASE No. 4 
ZMl = 3.55603 
·zM2 = 3.55603 
ZM3 = ). 55603 
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Case No. 5 As motors no . 1 ,  no . 2 ,  no . 3 and no . 4 are 
running at steady-st�te ; motor no . 5 is  started. 
The single line diagram of the system is shown in Figure 
(IV - 16 ) .  The positive sequence impedance diagram i s  shown 
in Figure ( IV - 17 ) .  
The combined equivalent impedance of the five motors i s  
calculated a s  follows : 
z�rr � ( ZM5 ) ( ZMJ..234 )  I ( ZM5 + ZMI.234 ) 
zm.234 is the combined impedance of motors no . 1 ,  no. 2 ,  no. 3 ,  
and no . 4. 
The input current per phase in motors no . 1 , no . 2 ,  no . J ,  
no. 4 and no . 5 are calculated by these expressions : 
62 
CIN 1 = (CIN2 (ZM2} (ZM224} 
ZM 1 + ( ZM5 )  ( ZM234) 
(4 - 18 ) 
CIN 2 = (CIN} (ZM5} (ZM1J4� (4 - 19 ) 
ZM2 + ( Zt-15 ) ( Zl-O..J4 ) 
CIN J = ( CIN} (ZM5} (ZM124 l 
ZM3 + ( ZM5 ) ( Zl-0..24 ) 
(4 - 20)  
CIN 4 = (CINl �ZM2} (ZM12J� (4 - 21 ) 
ZM4 + ( ZM5 )  ( ZM12J ) 
CIN 5 = (CIN) (ZI-0..234) (4 - 22 )  
. ( ZM5 + ZM12J4 
ZMl.23 = Combined impedance of motors no . 1 ,  no . 2 and no. J . 
Z?.fi.24 = Combined impedance of motors no . 1 ,  no . 2 and no . 4. 
ZMI.34 = Combined impedance of motors no . 1 ,  no . J and no . 4. 
ZM234 = Combined impedance of motors no . 2 ,  no . J and no. 4. 
All the above impedance values are f-ixed with the exception of 
• . 
ZMT and ZM5 , the changing motor impedance. 
The results of thi s computer program are indicated in 
Figure ( IV - 18 ) .  The computer program i s  also given in 
Appendix C ,  Fig .  ( C  - 2 ) .  
12/16/20//22 . 4  MVA 
115-4.16 kV 
1 .  0 pu voltage 
5 , 000 HP 
4 ,160 v 
5 , 000 HP 
4,160 v 
5 , 000 HP 
4 ,160 v 
. 5 , 000 HP 
4 ,160 v 
� 5 , 000 HP - ""' � 4 ,160 v 
Figure (IV - 16 ) .  
SINGLE LINE DIAGRAM FOR CASE No . 5 
6J 
., �ti 
Zes = j O.· 04263 
Equivalent 
Generator 
1 . 0. pu i.:oltage 
Zt = j0.10686 z = ( 0. 00174 +· j 0. 00211 ) c 
Figure ( IV - 17 ) .  
POSITIVE SEQUENCE IMPEDANCE DIAGRAM FOR CASE No. 5 
ZMl." :: J. 5 5603 
ZM2 = ). 55603 
ZMJ = 3 .55603 
ZM4 = J. 55603 
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B. Hypothetical Cases .  
These a.re called hypo thet.i cal cases because general practi ces in 
starting large induction motors will not recommend , for example , the 
simultaneous starting of two 5 , 000 HP motors . It is  al so as sumed that 
a 4 , 000 HP motor exists on the same motor bus where the 5 , 000 HP 
motors are connected . The purpose of the later case is  to analyze 
and determine which motor should be started first and how the change 
in the order of operation affects the system. 
Case No . 6 Sinru.ltaneous starting of two 5 , 000 HP motors . 
The single line diagram i s  represented in Figure (IV - 19 ) .  
The positive sequence impedance diagram i s  shown i n  Figure 
(IV - 20 ) .  I t  i s  as sumed that the changing impedance o f  the 
motors remain equal during the acceleration. This impedance can 
be calculated by the following expression : 
ZMl. = ZM2 =' ( VT )  I (1 . 73 )  ( CM) 
= ( 0. 577 ) (VT) I CM ( 4  - 2J ) 
VT and CM have been defined in Case No . 1 .  The combined 
impedance will be : 
ZMT = ( Z}ll. ) I 2 = (ZM2 ) I 2 (4  - 24) 
And the distribution of currents in motors no. 1 and no. 2 
equal to : 
CIN 1 = CIN 2 = {CIN ) (ZM2 )  
( ZM 1 + ZM 2)  
(4 - 25 ) 
66 
-. 
And since ZM 1 = ZM2 equation · ( 4 - 25 ) yields : 
CIN 1 = CIN 2 = {CIN) 
2 
(4 - 26 )  
It has been also as .sumed for the simulation of thi s case that 
the inertia of the two motors i s  added . The results of the com-
puter program are given in Figure (IV - 21 ) .  
Equivalent 
Generator 
12/16/20//22 . 4  }NA 
115-4.16 v - �- (,'\ 5 , 000 HP 
..., 4,160 V 
1 . 0  pu voltage
, � _ _  (-;\ 5 , 000 HP 
v 4 ,160 V 
F�gure (IV - 19 ) . 
SINGLE LINE DIAGRAM FOR CASE No . 6 
. • I'll 
Zt = jo.10686 z = ( 0. 00174 + j 0. 00211 ) 0 
Zes = j 0. 0426) 
Equivalent 
Generator . 
1 . 0  pu voltage 
' """ " , ,  
\ I • ) "9 . f • 
,. .. •- � .'� : ., .;.  • r, i. f '  l 
. .c: i ... • ' � • j .. 
. .-
Figure ( IV - 20 ) .  
I, ' '. . • ; 
POSITIVE SEQUENCE IMPEDANCE DIAGRAM FOR CASE No. 6 
°' 
en 
·, .;, 
I• 
APN lNI . l"f u C I N  C I N  l . CIN I ' '"w " " " 
o.o· o.6 J l 66 o . J t , e J  o . 4674J , . ,, . , ''6?.• ''''·' 1•2 1 . 1  61.4 4s. 1 
1 10 . 0 · 0 . 6 J500 Oe J l T'O 0 . 469 1 0 ' 1 1 6 . 8 255 8 . 4 2 5 5 9 . 4  1 6 Z4e 6 61 . 6  45 . 1  
) 60 . 0  0 . 6 4 5 Z 5  o . J2Z62 0 . 4 1422 506 1 . 6 2 5 10. . 2 5JO. e l 6 J l . O  '' · '  4 6 . 2 
5 4 0 . 0  o . 6522� o. >2• 1 > 0 . 4 1 1 1 1  5 02 4 . 4  2 5 1 2 . 2  z 5 1 2 . z  1 • 1 e . 6  6 1 . 1 4 6 . 5  
120 . 0  o . �55 8 ) . 0 . 1 2 19 1  0 . 4 79� 1 500 � . J 2 5 02 . 9  2 50 2 . •  l 64 l e4 68 . J  46. 1 
Hf 
66'0., 
62U.t 
6 H 1  • • 
6 6 1 Z . t  
6950. l 
9 0 0 . 0  0 . 66992 0 . ) )496 0 . 48656 4 9l J . J  2 4 6 6 . 6 2466 . 6  1 652 .4 68. J 4 7 . J  . 7 45 5 . ) 
1 0 80 . 0  o . 6 8 l a 5  · 0 . 14 1 9 1 o . 4 9 3 5 1 4 8 6 1 . 6  2 4 1 1 . e 2 4 1 1 . 1  1 6 6 1 . o  69 . Z  4 7 . t  
1 2 6 0 . 0  0 . 7 0 l � l  0 . 3 5 1 9 5  0 . 50 3 55 4 766 . 8  2 l 8 l o 4  2 l 8 1 . 4  1 & 7 7 . T  690 8 4 8 . 9  
l 4 4 o . o  o . 74084 0. 1 1 0 4 2  o . s21 02 45 9 0 . 1  2 2 99 . 1  22?9 . l  l l O J . 2  10 . e  s o . J 
7 98 2 . J  
8 5 l 8 . J 
990 7 . Z  
1 5 10 . 0  0 . 16688 0 . 1 6144 o . 5 1 504 4 4 8 6 . J  2 2 4 3 . l  2 24 1 . l 1 72 0 . Z  7 1 . ,  5 1 . J  1 1 5 4 1 � 1  
1 5 1 5 . o  0 . 1 0 0 14 o . 1 �0 1 1  o . 54 1 7 1 4 4 Jo . s  2 2 1 s . 1  2 2 1 5 . J 1 7 2 8 . 7  1 1 . 9  5 1 . 1  1 1 0 1 0 . a  
1 5 9 7 . 5 o . 1 9 z 9 7  o . 3 96 4 8  o . 54 � o e  4 3 1 9 . 5 2 1 e• . 1  z 1 e9 . 1 t 7 l 6 . 4  1 2 . 2  5 z . 1 1 4 1 6 4 . 4  
! •z o . o  o. ao�4• o . 4oz 1 �  o . s ' ' ' '  4 l lO . l  21•5.o  1 1 �, .o l 7� J . 9  12 ,s  sz.y  1 s 1 1 e . s  
1 642 . 5 O . H Z Z O J  0 . 4 1 1 0 1  o . 5 6 2 6 1  4 26 6 . 4  2 l 3 l . Z 2 1 1 1 . z  1 75 1 . 5  1 2 . 9  5 1 . J 1 7 12 1 . 9 . 
l 6 b S . o  o . a 4 2 2 z  · 0 . 4 2 1 1 1  o . s 1 2 1 1  4 1 9 1 . 2  2 09 s . • 2 095 . 6  1 16 4 . 9  1 1 . 4  5 4 . 0 l R6 n 4 . o  
l 6 8 7 . 5  0 . 8 72 8 4  0 . 4 )642 0 . 58802 4 08 2 . 0  2 0 4 1 . 0 2 04 1 . 0  l 7 8 t . • 14 . l  s s . o  1 942 1 . l  
1 1 1 0 . 0  o . 9 1 2 6 1  o. 4 5 b J l  o . 6 o r 9 J  1 94 8 . l  1 ? 1 4 . 2 1 9 74 . 2  1 80 1 . 1  7 4 . 9  5 6 . J  l 9 ft 6 5 . 5  
l l l Z . 5  0 . 982 9 ) 0 . 4 9 1 4? 0 . 64 J0 7  1 7 1 2 . 6  1 866 . J  1 8 &6 . J  l 8 J 4 . 5  T6. S S B . J 2 G 1 8 4 t l  
1 1; 5 . o  l . 1 7 5 4 1  o . 5 8 7 74 0 . 1 19 14 12 4 & . 6  1 6 2 3 . J 1 62 1 . 1  1 9 0 8 . a  79.4 ' ' · '  1 98 19. t 
1 7 P 7 . 5  2 . 05 1 55 & . 025 1 8 l o l 7 1 1 9  2 0 1 8 . J  1 0 1 9 . J 1 0 1 9 . J Z C9 l o !  8 7 . 0  75o l 1 2 8 1 2 .5 
1 1 8 5 . 0  J . S�60J 1 . 1 7 8 0 1  l . 9 2 9 6 1  l 24 3 .9 
U9l . O  l o 19222 4. 1)9U l 4 . Z H H  5 65 . l 
622 . 0  622 . 0  2 2 1 1 . 1  9z . o  14 . e  1 2 16 8 . 1 
2 82 . 5  z92 . s  z 3 14 . 1 96 . J  tz.9 
Figure (IV -21 ) . 
uo•. 2 
ACCELERATION TIME CALCULAT!ONS FOR '!WO 
5 ;:o�m. HP ".MOTORS , � STARTED SIMULTANEOUSLY. 
D fOllCNI D T Utf 
U 1' .69 0 . 61 1 '  
51 61. JZ o . J J J6 · 
5 u z . u  o . n 14 
5 " 7 9 . 0 0  0 . 1 '8 5 6  
5 2 15 . 70 0 . 1122 1 
480 ] . 8 1  0 . 8'60 
4 0 ) 5 . 49 l . 0 6 6 6  
1 54 2 . 95 l . 2 1 't9 
J9H . 5 4  0 . 54 5 6  
4 9 4 6 . 2 9  0 . 2 \ 1 6 
5 8'1 7 . 58 0 . 0 9 1 2  
6 1 6 � · " '  0 . 0 19 5  
UO l . U  O . OflU 
9 69 8 . 95 o . o s s s  
1 0 S Z 1 . 5 1  0 . 05 1 1  
1 0 96 8 . JO 0 . 0 4 9 1  
l l l ) l . 6 6  O o 0 4 � J 
l 0 8 2 6 . 9 Z  0 . 0 4 9 1  
6 96 8 . l l  0 . 0 1 1 2  
J l 65 o ll O o O SU 
•20 l 4 . Z 1  - O . O T l Z  
f l MI 
o. o 
O . H l 5  
l o 4 1 S l  
z .  l 1 2 6  
Z . 9 S 8 2  
J . 7 804 
4 . 6 76 4  
' · 1 4 ) 1  
6 . 9'> 8 0  
7 . 5 0 )6 
1 . 1 2 1 2 . 
·1 . 8 1 24 
J . 1 9 1 9  
1 . o u  
8 . 0 1  JO 
8 . 064 1 
1 . 1  uz 
8 . 1 6 ' 5  
e . 2 1 1 2  
• · 2 884 
1 . 100 
e . z u a  
$ 
t 
Case No . 7 As one 4 , 000 HP motor is running at steady-state , 
a 5 , 000 HP motor is  started . 
Figure (IV - 22 ) shows the single line diagram and Figure 
(IV - 23 ) , the positive seque!!-ce diagram for this case .  The 
equivalent impedance corresponding to the 4 , 000 HP motor is  
70 
ta.ken at steady-state , 1789 rpm and it is assumed that during the . 
starting of the 5 , 000 HP motor the slip of the 4 , 000 HP is 
unchanged. _ . Usually this will not b� the case as will be s�own 
in Chapter VI. The motor running at steady-state will contribute 
to the starting of the 5 , 000 HP even if only for a fraction of 
a second. This will effectively brake the 4 , 000 HP and therefore , 
the speed will decrease and also the impedance.  
The sequence of operation is the same as in the case no . 2 
for two 5 , 000 HP in operation. 
The results obtained from the computer program written for 
this case are shown in Figure (IV - 24 ) .  
12/16/20//22 . 4 MVA 
115-4.16 kV 
1 . 0  pu voltage 
. .t.iqui val en t 
Generator 
Figure ( IV - 22 ) .  
� 5 ,000 HP 
"' 4 ,160 V 
4 , ooo HP 
4 ,160 v 
SINGLE LINE DIAGRAM FOR CASE No. 7 
Zes = j O. 04263 . 
Equivalent 
Generator 
1 . 0  
Zt = jO.lo686 zc = ( 0. 00174 + j0. 00211 ) 
Figure ( IV - 23 ) .  
POSITIVE SEQUENCE IMPEDANCE DIAGRAM FOR CASE No. 7 
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Figure (IV 24 ) .  
ACCELERATION TIME CALCULATIONS OF A 5 ,000 HP MOTOR. 
A 4 , ooo HP MOTOR IS RUNNING AT STEADY-STATE 
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Case No . 8 As one 5 , 000 HP motor is running at steady-state , 
a 4 , 000 HP motor is started . 
Figure (IV - 25 ) shows the single line diagram. In figure . 
(IV - 26 ) is  indicated the positive sequence impedance diagram. 
The calculation procedure is the same as in the previous case.  
However ,  the equivalent impedance of this motor will differ from 
the 5 , 000 HP motor. The characteristics of the 4 , 000 HP motor 
are shown in Figure (IV - 27 ) .  These characteristi cs could be 
compared with those of the 5 , 000 HP motor , given in Figure 
(IV - 1 ) . The approach explained in Case No . 1 for . the 
acceleration of a 5 , 000 HP is  al so followed here. 
Table (IV - J )  is  the data for the 4 , 000 HP motor and the 
same connnents and as sumptions done for the 5 , 000 HP motor cases 
applied for the acceleration of this 4 , 000 HP motor . It is  not 
considered necessary ,  however , to show the case of the individual 
acceleration of the 4 , 000 HP motor. 
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The computer calculation results are shown in Figure (IV - 28 ) .  
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Figure (IV - 25 )  
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SINGLE LINE DIAGRAM FOR CASE No. 8 
Zt = j 0.10686 z = ( o. om.74 + jo. 00211 ) c 
Zes = j O. 04-263 
Equivalent 
Generator 
1 . 0 pu voltage 
Figure (IV - 26 ) ,  
POSITIVE SEQUENCE IMPEDANCE DIAGRAM 
FOR CASE No ·. 8 
zm = J.55603 
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Figure (IV - 27 ) .  
CHARACTERISTICS . OF THE 4 ,  000 HP . MO'IOH.. 
( SUPPLIED BY WESTINGHOUSE ELEC'J:IRIC CORP. ) 
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Chapter V 
THE COMBINED OPERATION OF MOTORS AND A CAPACITOR BANK 
In Chapter IV the procedure for obtaining accelerating time and 
other parameters ,  such as voltage and currents , has been explained . 
The approach , followed in the calculations , was based solely on 
absolute magnitudes . Consequently the results were not expected to 
be very accurate , although sufficiently accurate for the 
.
calculation 
of accelerati�n time and torques . In thi s chapter the calculations 
are done in complex form and consequently the results should have a 
higher degree of accuracy. 
In this chapter , the case of capacitors used to give KVAR 
support for the motor starting is considered .  Figure ( V  - 1 )  shows 
the single line diagram of the system. Motors no . 1 and no. 2 are 
running at steady-state speed . Motor no . J is to be started . A 
capacitor bank i s  also shown. 
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Figure ( V  - 2 )  shows the corresponding impedance diagram. The 
sequence of calculati?ns is the same as in Chapter IV, except for the 
part concerned with the . calculation of currents in complex form from 
currents read in Figure ( IV - 1 ) . The values of the power factors 
as sociated with the various speeds are required for the calculation of 
these currents . The power factors are given in Table ( IV - 1 ) .  The 
values of the current taken from the characteristics curves (CM) , 
Figure ( IV - 1 ) ,  are now expressed in real and imagi_nary form by the 
foll.owing steps : 
12/16/20//22 .4  MVA 
115-4 .16 kV 
1 .  0 pu voltage 
equivalent 
generator 
•, 
79 . 
.5 , 000 HP 
4 ,160 v 
5 ,000 HP 
J-1- ,160 v 
� .. ... _ _ (-:\ 5 , 000 HP 'V  �y ,160 v 
� (  2 ,250 kVAR . 
Figure (V  - 1 )  
SINGLE LINE DIAGRAM 
Zt = j 0.10686 z = ( 0. 00174 + j 0. 002ll ) ZMl = (J . 37823 + jl .11037 ) c 
� , .  I I 'll1P I 'llHJ' I c:r-o 'lftM ' 
ZMl = ( 3 . 37823 + j1 � 110J7 
Zes = j O. 04263 
1 . 0  pu voltage 
Equivalent 
Generator 
Figure (V - 2 )  
POSITIVE SEQUENCE IMPEDANCE DIAGRAM 
zc = ( o. o  - j2 .56J8� ) 
()) 
0 
CMR ( Current motor real ) = (CM) (Cos � )  
SIN � = - ( 1 - ( Cos � )2 J 
CMI ( Current motor imaginary) = (CM)  (Sin � )  
The angle of this current is now readily obtainable. 
(5 - 1 )  
(5 - 2 ) 
(5 - J )  
The impedances of motors  no. 1 and no . 2 and capacitor bank 
( ZML ,  ZM2 , ZC ) are given in complex form. Also , the combined 
impedances of motors no. 1 ,  no . 2 and the capacitor ( ZMl2C ) ,  of . 
motors no. l and no. 2 ( ZM12 ) , of motor no . 1 and capacitor ( ZMlc> , . 
and of motor no . 2 and capacitor ( ZM2C) are required in complex fo_ m. 
The impedance of motor no . J is calculated by: 
ZMJ = ( 0.577 ) (VT )  I ( CMC ) (5 - 4 )  
Since VT i s  previously gi van i n  complex form and CMC is  the complex 
current also previously calculated , ZMJ will be also complex. 
The current entering the motor bus ( CIN)  i s  obtained in complex 
form by thi s expression : 
CIN = ( 0. 577 ) (E )  I ( ZT ) . (5 - 5 )  
E is the per unit voltage in complex form and ZT i s  the total 
impedance of the system also in complex form. 
Finally the voltage at the motor bus is  calculated by the 
· following expression :  
V = ( CIN )  ( ZMT )  ( 5  - 6 )  
The impedance of the cable i s  so small that it was neglected for this 
calculation. ZMT represents the combined impedance of the motors and 
· the capacitor bank , if connected to the bus. 
The method has been applied to two different problems : 
1.  Operation of  one 5000 HP motor. 
2 .  Operation of three 5000 HP motor with the capacitor bank. 
The calculations have been done with the help oi' the I.BM J60 
computer. The results of these two problems are shown in the 
following pages . The computer program for the 2nd .problem 
( combined operation of motors and capacitors ) can be found in 
Appendix a, .  
Figure ( V  - J )  indicates the vector diagram corresponding to 
'-
problem 2 ,  explaining the situation wh�n two motors are running at 
steady-state and a third i s  started , with the ca.paci tor bank switched 
on , at the time of starting. The purpose of this figure i s  to show, 
with the help of vectors ,  the effects of starting the Jrd motor. 
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Figure (V - J ) . 
VECTOR DIAGRAM OORRESPONDING TO THE INSTANT THAT 
MOTOR No . J STARTS . ONLY ONE PHASE IS REPRESENTED . 
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Figure (V - 5 )  
STARTING PERFORMANCE CALCULATIONS OF MOTOR No . J WITH CAPACITOR BANK CONNECTED. 
MOTORS No . 1 and No . 2 ARE RUNNING AT ·sTEADY•STATE. 
• 
Q) . 
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Chapter VI 
CONTRIBU'I'ION OF ONE 4000 HP MOTOR TO THE 
STARTING OF ANOTHER 4000 HP MOTOR 
The 4000 HP motors were chosen for this anaiysis since infor-
ma.tion i s  available to calculate an equivalent circuit for this motor . 
Similar information is  not available for the 5000 HP motor. 
Figure l represents an impedance diagram of the system, in-
eluding the impedances of two motors represented by conventional 
equivalent circuits . The values of the 115 kV equivalent system 
impedance , transformer impedance and cable impedance are taken from 
Chapter III . The mo.tor impedance values were supplied by the 
manufacturer. Motor no . l j.s running at steady-state and so the 
parameters are those for a running condition. Motor no . 2 is assumed 
to be stationary and so the parameters are those corresponding to the 
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· · blocked rotor condition. These parameters are shown in Table ( VI  - l ) . 
Table ( VI  - 1 )  
IMPEDANCE PARAMETERS OF THE 4000 HP MOTOR. 
Primary resistance Ri = • 79 "' 
Primary reactance xl = 9. 4  "' 
x = 556 "' m Magnetizing rea.ctance 
Secondary resistance , running R2R = .56 % 
Secondary resistance , lo�ked rotor R2LR = 1 . 83 "' 
Secondary reactance , running X2R 
= 16. J  "' 
Secondary reacta.nce , locked rotor X2LR = lJ. 2  "' 
Saturation factor Sr = 1 . 4? % 
....  ,,.. 
Zs 
Ro 
Xe 
XM 
N Motor no . l i s  running at steady-state . 
N 
Re Xe 
� 
Motor no . 2 i s  at locked rotor po sition .  
:B,igure (VI - 1 ) 
IMPEDANCE DIAGRAM OF THE SYSTEM 
MOTORS No . 1 & No . 2 A.-i=tE REPRESENTED BY ITS EQUIVALENT CIRCUIT 
x· · 2R 
It : .. 2R 
s 
R2i:R 
s 
� 
� 
All impedances are on the motor base of 2984 KV'A. The information of 
Table (VI - 1 )  was obtained during a teleohone conversation between ... I 
Yir. E.  F.  Merrill , Manager of Electrical Design of Large AC Motor 
Engineering and the thesis author. Mr. Merrill. is  wi. th Westinghouse 
Electric Corporation and the author of sigr.ificant papers in the 
field of large induction motors 29 ' JO. 
The author wishes to extend his gratitude for the kind 
cooperation in ,providing thi s data. 
The above parameters can be expressed in per uni.t on 100 MVA 
as follows : 
Motor running condition. 
R = ( 0. 0079 ) (100 , 000 ) I ( 2 ,984 ) = 0. 26474 pu. 
1 
X1 = · ( 0. 094 )  (100 , 000 ) I ( 2 ,984) = J.15013 pu. 
X2R = ( 0. 163 ) (100 , 000 ) I (2 ,984 ) = 5 . 46246 pu. 
R2R = ( 0. 0056 ) (100 , 000 ) I ( 2 ,984 ) = 0.18766 pu . 
XM = ( 5 .  56 ) (100 , 000 ) / (2  ,98L� ) = 186 ,32705 pu. 
Locked rotor condition. 
� � 0. 26474 pu. 
X1 = J.15013 pu. 
x2LR = ( 0�132 ) (100 , 000 ) I (2984 ) = 4.42J59 · pu. 
R2LR = ( O. OlBJ )  (100 , 000 ) / (2984) = 0. 61J27 pu. 
XM = 186. 32705 pu. 
A. Calculation of the Impedance s  for Motor no . 1 ( steady- state ) and 
Motor no. 2 (locked rotor ) .  
When motor no . 1 is running a t  full speed , 1789 rpm, t.he slip 
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is 0. 00611 and consequently: 
R2/S = 0.18766 / 0. 0061 = 30. 71358 pu 
The equivalent impedance of motor no . l at steady-state will be 
equal to : 
Z?-D.55 = (30.71358 + j 5. 46246) Ci 186.32705 )  + 
30.71358 + j 191 . 78951 
+ ( 0. 26474 + j J.15013 ) = 
= 31 .134 + j 12 . 94 = 33 ; n  , . I 22. 8° pu _· ... t-
The impedahce of the cable will be included in the equivalent 
circuit of the motor , hence : 
ZMl55 = ( 31.134 + j 12. 94 )  + ( 0. 01005 + j 0. 01219 ) = 
( .Jl .14405 + j 12 . 952 )  = 33. 72 \ 22 . 8° pu. 
The equivalent impedance of motor no . 2 when operating at 
locked rotor will be : 
ZM2LR = (0. 61327 + j 4. 42359) (j  186.32 ) + 
( 0. 61327 + j 190.74359) 
+ ( 0. 26474 + j J•l.5013 ) = ( o. 864 + j 7 . 47 )  pu. 
And including a1s� the impedance of the cable ( Zc ) in thi s motor : 
Zc = ( 0. 0100.5 + j 0. 01219 ) pu. 
ZM2LR = ( 0. 874 + j 7 . 482 )  = 7 . 54 I 83.4° . pu. 
The combined impedance of motor. no . 1 ( steady-state ) and moto r  
no. 2 (locked rotor ) i s  next calculated . 
The impedances of motors no . 1 and no . 2 are : 
ZMl. 5 5  = (Jl .144 + j " l2. 952 ) pu = JJ. 72 \ 22. 8° pu. 
(Motor no . 1 )  
-
Zl-2LR = ( 0. 874 + j 7 .482 ) pu = 7 .54 \ 8J. 4° pu (Motor no . 2 )  
,·. 
The parallel combination of both impedances will be the total 
equivalent impedance of the motors ( ZMT ) .  
ZMT = (33.72 l 22.a0> <z. 54 l s1.4° ) 
(Jl .144 + j 12�952 ) + ( 0. 874 + j 7 . 482) 
_ G_54. 2s I 1 06.2� = 6'. 69 l 73. 6° pu. 
- 37 .98 I 32. 6° · 
= 
The 115 kV system equivalent impedance and transformer impedance 
was calculated in Chapter III . 
Zs = zes + Zt - = 
:: ( j o. 24631 + j o. 61750 )  pu = j o.·86381 pu. 
Therefore the total impedance 'Will be : 
Z = ZMT + Z = T · -s 
z
T = ( 6. 69 lzJ. 6° ) + j 0. 86381 = 
= c1 . 89 + j 7 . 28381 ) = 7 . 52 I 2s.4° pu. 
B. Calculations of currents and voltages at the motor bus.  
The total current entering the motor bus when motor no . 1 i s  
running a t  steady-state and niotor no . 2 at blocked rotor , ma.y 
be calculated by: · 
_ 1 . 0 I o0 = 
- 7. 52 l 75. 4° 
0.13298 I -75 . 4° pu. 
( 6  - 1 ) 
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The voltage at motor bus at  the instant just after starting motor 
no. 2 will be : 
V = ( CIN ) ( ZMT )  ( 6 - 2 )  
or 
= ( 0.13298 I -75. 4° ) (6 . 69 l 73. 6° ) = 
= o. aa964 I -1 . 8° pu 
< 0.88964 ) (4160 > I (1.  73 > = 2139 . 25 v-
The current entering the stator winding of motor no . 1 at the 
instant just before the starting of motor no. 2 ,  will be equal 
to : 
CINl = 1 . 0  
ZMl + Z 
S S  S 
- 1 . 0  1 qO _ 
- ( 31 .134 + j 12 .95 ) + ( j 0. 86381 ) 
- 1 . 0 'qO _ 
- 31 .134 + j 1J. 80J81 
0. 02937 I -2J. 2° pu 
i . o  I o0 = 
J4. 05 \ 2J. 76 
( 6  - J )  
The voltage at the motor bus before the starting of the second 
motor will be : 
or 
V = ( CINl ) ( ZMl.55 ) 
=- c o. 02937 t -2;.2° ) cn. 72 I 22 . a0 = 
= o. 99036 I -o. 2° pu. · 
( 0. 99036 ) (4160 ) / (1 . 73 )  = 2381 .44 volts. 
( 6  - 4 )  
And the voltage drop through the stator winding and cable : 
= ( 0. 02937 t -23. 7°) ( J .163 �) = 
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. O. 09290 l 61. 3° pu 
or 
( 0. 09290)  (4160 ) / (1 .73 ) = 223. 3896_0 volts . 
Therefore the induced voltage will be : 
or 
VE = ( 0. 99036 I -0.9° ) - ( 0. 0929 l 61 .3° ) = 
c o.94565 - j 0. 09703 ) = 0.951 I -s. 8° pu. 
c o. 951 ) (4160 ) I (1 . 73 )  = 2 ,286. 79 v 
The induced voltage in a motor will be the voltage acro s s  the 
magnetizing reactance. If thi s voltage is  larger than the motor 
terminal voltage due to a sudden decrease of voltage externally, 
the motor may be considered to supply a current to the system 
temporarily. 
The calculation of voltage at the motor - bus at instant just 
after the starting motor no . 2 was calculated before as : 
o.88964 \ -1. 8° pu 
It can be seen from the previous calculations that this i s  
smaller than the ind�ced ":.'(()futa-go. .Therefore ,  a momentary ·ml.rrent 
contribution of motor no . 1 to the starting of motor no . 2 i s  
expected. It i s  assumed i n  this analysis that the calculated 
value of the induced voltage is maintained at motor no. 1 at 
least until motor no. 2 is initially rotating. T'ae prior 
calculations also neglect the effect of the time lag due to the 
Circuit inductance .  
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T. M. McCauley and R. T. Byerly or the Westinghouse Electric 
Corporation in the paper "Induction Motor Starting Calculations " 
presented at the American Power Conference Ani�ual Meeting or April , 
1971 state the following : "Since a running induction motor cannot 
provide effective voltage support over much of the starting interval , 
the most difficult sequence involves starting the largest motor last. " 
In their study McCauley , et al . , analyze the starting of motors  W:i th 
different design alternat!ves and arrive$ to the conclusion that when 
motors or different sizes are to be started the best procedure i s  to 
start the largest motor first. The large inertia of the first motor , 
makes it possible for this motor to ride through the voltage dip 
caused by starting the second. 
Chapter VII 
DISCUSSIONS OF RESULTS 
Thi s  study ha s pres ented a method of analysi s  for the starti ng 
of large inducti on motor s  used in pipeline . stations . Thi s analysi s 
i s  ba sed upon ITl..anufacturer data and consequently · the results are 
very mu ch subj e cted to the a c cura cy of the data . 
94 . 
The data consi s t  of the current a:rxl torque versus spe ed  chara cter- · 
i s ti c s  of the motor and of the load (pump ) versus speed characteri s ti c s . 
Also on o cca sions , the power factor versu� Speed characteri sti c  i s  given 
by the manufacturer .. Thi s data i s  given in the form of curves whi ch 
are smooth and easy to read in the range of 0 to 9 0  per cent speed , and 
more diffi cult to read in the 9 0  to 99 .5 per cent speed rang e , due to 
the fa ct that these motors have a very small slip at the operati ng speed . 
The reading errors i ntroduced are not of si gnifi cance for the cal culation 
of accel erating time , but ,  can aff ect somewhat the results obtained for 
voltag es and current s  at the operating speed or near that speed . Thi s 
i s  parti cularly true when more than one motor i s  in operati on. 
The inclusi on of the effects of the power fa ctor varying wi th 
speed has proved to be of great value in the study pres ented i n  
Chapter v.  Cal culated p erformance values using thi s approach 
differed from tho s e  cal ��ated by the appro ach in Chapter IV by a s  
much as 2 . 7  per cent in voltage and i n  current when the fir s t  motor 
arrives at the nomi nal speed of 1785 rpm (1 s t  case ) . Similar result s 
are expe cted for the s econd , thi rd , etc .  motor started . Thi s will 
increas e accuracy al so in the calculation of a ccelerati on time
, since 
their value i s directly related to the accel erating torques , 
and 
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torques are proportional to the square of voltages . 
The study has been done tald.ng 22 points of speed with increments 
in speed of 1 0  per cent . between 0 and 80 per cent and smaller in­
crements between that speed . and 100 per cent. The method can be 
applied with more or less . points ; however ,  better results will be 
obtained when the increments are smaller . 
The sequence of operations is  simple and contains the following 
main steps : 
1 .  Calculation of the changing motor equivalent impedance for 
any parti cular speed. 
2 .  Cal culation of total input current. 
J. Calculation of voltage at motor bus .  
4. Calculati on of input currents entering each motor , if the 
system contains more than one motor . 
5 .  Calculation of torques at motor shaft. 
6 .  Calculation of incremental accelerating time. 
7 .  Cal culation of accumulative accelerating time. 
Before di scussing ,each of the studied cases , it will be interest-
ing to comment about the· general properties and assumptions that were 
necessary to make the analysi s of the starting of these large in-
duction motors . These as sumptions are appli cable to all the cases 
whether or not the calculations are done in complex form • 
. One of the properties that has been proved through the work of 
. this thesi s is that the changing equivalent impedanc� of the moto r  
unde.r -acceleration i s  a function of speed and not a function o f  voltage 
at motor terminals .  
• 
It was assumed in a11 the cases that the system had balanced 
voltages and currents . This assumption needs equal impedances in all 
the machines in operation. Otherwise , it would be necessary to 
incorporate the negative s equence impedance in the s chemes of the 
cases studied .  
The necessity o f  certain assumptions is  justified because of the 
difficul. ty involved in reading the current and torque of the m.otor 
in the · 1ast fou:r points of speed considered. For instance , the . 
assumption that the current read from the characteristi c  curves of 
the motor at rated rpm i s  15 per cent higher than rated current , 
requires further investigation and confirmation from the manufac­
turers .  The reading of 150 per cent higher than rated value which 
appear on the curves seems to be illogical . The motor torque at 
rated speed considered is the one specified for the particular motor , 
called full load torque . This specified torque does not agree with 
the curve value either. 
A computer program,, has been developed to carry out all the steps  
above mentioned and fulLy described in Chapters IV and v. This was 
necessary because the multitude of operations involved in the 
calculations . Thi s program is easy to apply in the analysis of motor 
starting since the only requirement is to have the motor and pump 
characteristi cs previously mentioned . The program has been written 
to handle the starting of one motor or the sequentiai starting of n 
motors . The present study has inves
.
tigated the possibility of 
sequential starting five motors . The program also has been written 
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to handle the operations in complex form, since that way of operation 
is more realisti c  and gives a better picture of the happeni�gs when 
imuction motors are started . This version of the program is  
parti cularly useful when the application of  capacitor banks is  
investigated . 
The discussion of the results has been divided into the two 
following parts : 
A. Discussi ons of the accelerating time cases .  
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Previous chapters stated that acceleration is directly ;-elated to 
the difference in torques of motor and pump. The ideal situation is 
that shown in Figure ( IV - 1 ) , which represents the case when voltage 
is maintained constant during the starting interval . This situation 
is only possible in the test laboratory where expensive equipment is  
available to maintain the voltage constant during the accelerati on .  
The real case i s , that a s  soon as the motor is switched on , the 
voltage drops considerably and therefore , the torques are reduced by 
a factor proportional �o the squaring the per cent voltage .  For 
acceleration , it is not ·only nec es sary that motor torque be greater 
than pump torque but also that the difference be equal or greater 
than 10 per cent. · This condition will be analyzed for each of the 
cases studied . 
The torques of maximum interest in the acceleration process of 
the motor are : 
. ( a ) . Locked rotor torque , whi ch is the minimum torque that 
the motor will develop at rest for all positions of roto r .  
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( b ) .  Pull-up torque , defined a s  the mininnnu torque developed by 
the motor during acceleration from rest to breakdown . 
(c ) �  Breakdol-m torque , whi ch i s  defined a s  the :maxinru.m torque 
whi ch a motor will develop without an abrupt drop in speed. 
(d ) . Full load torque which is the torque required to produce 
rated hors epower at rated speed . 
A look at Figure ( IV - 1 ) indi cates that pull-up torques occurs 
at a speed of 10 to 20 per cent of synchronous speed . At this speed 
the load torque is building up and no problem of acceleration will be 
anticipated at thi s speed unless the voltage drop s drasti cally. For 
the same reason no problem of acceleration will be encountered at 
locked rotor torque speed . The points that offer more diffi culti e s  
of accelerati on stand between 70 to 8 0  per cent of speed . The other 
important and critical point for acceleration is the rated speed , the 
difference in motor and pump torques at those two locations of the 
2 
· curves has to be greater than 1 , 458 lb-ft or the available motor 
torque has to be at least 1 . 15 times the value of the pump torque 
which i s  9 ,480. 0 lb-ft
2
• 
' 
Thi s  study has investigated the possibility of acceleration for 
the following cases : 
1 .  Accelerati on of the first 5 , 000 HP motor. 
The voltage drops to 80. 5 per cent at zero speed and goes 
up to 95 . 7  per cent at the end of the accelera.tion interval . 
Motor torques are higher than load torques all the way 
through rated speed . The motor reduced voltage torque 
(RVT ) corresponding to the rated speed i s  1 . 4  times the 
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load torque (TL)  and therefore , acceleration i s  assured. 
The to tal calculated accelerating time i s  2 . 5373 s e cond s .  
This result i s  confirmed by the chart of the recorder­
vol tmeter. The chart i s  shown in Figure ( VII - 1 )  and 
gives a voltage dip of approximately 2 .5  seconds . See 
Figure ( IV - 6 ) .  
2 .  Accelerati on of the 2nd 5 ,000 HP motor.  
The voltag e on the 4.16 kV pus dropped to 77 . 8  p er c ent 
and recovered to 92 . 0 per cent in 2 .  8385 second.s .  The 
pull-up torque of thi s motor correspond s to 10 to 20 
per cent of speed and at these speed points the load 
torque i s  very small in comparison with the torque of the 
motor . The mo st critical points of acceleration o ccurs 
between 70 to 80 per cent of speed . However , at these 
locations the reduced voltage torque. (RVT ) i s  twi c e  . 
that of the load . The reduced voltage torque of the full 
load torque i s  1 . J  times the load torque (TL)  for rated 
sp eed and 
·
so the difference i s  higher than the 1 0  p er cent 
required for acceleration. See Figure (IV - 9 ) . 
J. Acceleration of the 3rd 5 , 000 HP motor. 
The voltage dropped to 75 . 3  per cent on the 4.16 kV bus 
and recovered to 88. 5  per cent in 3. 0907 second s . The 
available torque (RVT ) at the motor sh�ft offers no problem 
of a cceleration for the 70 to 80 per cent criti cal spe ed .  The 
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reduced voltage torque (RVT ) for rated speed is 1 . 21 higher 
than the pump torque . Therefore , after acceleration thi s 
motor should have reached full speed. See Figure (IV - 12 ) .  
4. Acceleration of the · 4th 5 , 000 HP motor. 
The voltage dropped to 73 . 0  per cent on the 4.16 kV bus . 
The acceleration at 70  to 80 per cent of speed is achieved , 
but it the rated S!.)eed the ratio of reduced volt�ge torque 
(RVT )  to the load torque i s  1 .12 and consequently the motor 
will not arrive to f'ull speed. See Figure (IV - 1.5 ) .  
5 .  Acceleration of the 5th 5 , 000 HP motor. 
The voltage dropped to 70.8 per cent on the 4.16 kV bus and 
recovered to 82. 3  per cent in 3. 8234 seconds . The problem 
of acceleration i s  again at rated speed where the ratio of 
reduced voltage torque (RVT )  to the load torque (LT ) i s  now 
1 . 04. Therefore , the motor will not arrive to rated speed . 
The torque and the input current at lower than rated speeds 
will be higher . The operation of the motor in these 
' 
conditions will create a serious problem of failure.  See 
Figure (IV - 12 ) .  
6 . Siumltaneous starting of two 5 , 000 HP motors . 
In thi s hypothetical case the voltage dropped to 67 .4  per 
cent and recovered to 92 . 0  per cent in 8. J450 second s .  This 
is  the acceleration time of each motor. The calculation was 
done assuming that the inertia was twice the inertia 
corresponding to one motor� The ratio of reduced voltage torque 
t 
(RVT ) to load torque (LT )  at rated spe� i s  l . J  and 
therefore , the acceleration of both motors simultaneously 
started is  possible . Howe"f'�er ,  the accelerating time i s  
J. J times of normal and the motors may conf'ront a serious 
problem of abnormal temperature rise. See Figure (IV - 2 ) . 
7 .  Acceleration of a 5 ,000 HP motor after a 4 , 000 HP motor 
reaches the steady-state. 
With the connection of the 5 , 0QO HP motor the voltage 
dropped to 78. 4  per cent and recovered to 92. 7  p er .cent 
in 2 . 7417 seconds.  The acceleration is obvious· possible , 
since this was the case  with a more severe condition in 
Case  No. 2. See results in Figure (IV - 24 ) .  
8 .  Acceleration of a 4 , 000 HP motor after . a 5 , 000 HP re&ches 
the steady-state. 
The voltage dropped to 81 .9  per cent and recovered to 92 . 7  
per cent in 3. 1661 s econds . The motor does not have 
problems of acceleration all the way from 0 to rated speed 
1 ,789 rpm. This case  is least severe in the system because 
the initial voltage drop is J .5  per cent less in thi s case .  
The time of acceleration is  higher in thi s case because the 
individual starting time of the 4 , 000 HP motor i s  2 . 8677 
seconds , which i s  higher. See results in Figure ( IV - 28 ) $  
B. Discussion of the motor performances • 
. The discus sion will include only two of the cases considered : 
1 .  Starting of one 5 , 000 HP motor. 
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l OJ. 
It was . stated before that the impedance of the motor 
under acceleration changes with speed. The analysi s  of the 
change s  shows that the impedance remains mos tly reactive 
from 0 to 80 per cent of speed. At 97 . 5  per cent 
approximately or 1 ,755 rpm the resistive an:i reactive parts 
are equal and beyond this the impedance suddenl
.
Y changes 
to ma.inly resi stive . Figure (VII - 2 )  shows graphi cally 
thes-e stat,ements . 
The input current i s  decreasing with speed. The slope of 
the curve is very small between 0 and 70 per cent of speed 
and after 95 per cent change s  drasti cally to drop almo s t  
· vertically. Curve no . 1 of Figure (VII - J )  shows the 
input current changes . Curve no . 2 of the same figure shows 
how the voltage drops at the time of starting from 2 ,400 
volt line-to-neutral to 1 ,939 volts . The voltage recovers 
in an almost s traight line from zero to 80 per cent of the 
speed . From there up to the rated speed , the voltage in­
creases significantly to reach the nominal voltage . The 
curves are plotted from the results of the computer 
program shown in Figure (V - 4) • 
. 2 .  Starting of the Jrd 5 , OOO HP motor when two 5 , OOO HP r1 otors 
are running at steady-state. A capacitor bank i s  used a s  
kVAR support for the acceleration interval . 
The analysis of the results shown on Figure (V - 5 )  in­
di cates among other things the following : 
• 
I 
· . . 
, .,,. 
· - ·· -· , · · 
0.��-��� �-����-; ·
·
· -
·
· __ :_·_ -=- --, 
-� - - : -� .-.. .. l'2\ OJ"9 040 cJ. ... .....c ..... - �-- • • •  • - �  � • .: -- · \;;,) . - .... . -"6� ... ���c.·---::-· ---··:-�::--
·:· Q) �-or·���i;�u:�· - · - ·  · - :-E-�:-:: 
. =-:-s.. -----
.�� -- - -
�-=� 
=-�1=-=::�
:-��---
::..�����=-�
·
. 
, 
· - - - .. 
·
-
�- - _ :._·
.
· --= _: _ _ _ - - - .:. - · - - -· -_ ... -
·:;- :·_7- : 
���-��:+:���:-_-=_.�: ! -�-�===-.-��-::-:- . . 7_.::-=� .. ;-
- . -· · - ·· ... ·-· -· - · ·-
I - ,. 
. : . ����� . . . . . J · · · · - - . .. . :..·.: ,._:.. .. . .  . · - - · -
· ·· - - ·
· . · ·
· · · ·- � - · · ·· •• 4 -- . . . .. I ·::��::·��--��- ---- - - - -- - . , _. _  
· - ; .. - . -� 
-! 
· ·
-
--
--
--t · · ·--- -- -;. : 
---·-·· - ---- -:.: . .! 
. _ 1 
. . _
, . . .. ..; 
4 
-·- • •  - - r  - -- - - • - :··--0......:- - L.-------------------------------------:---------------"".""- · --------o •o �o 10 4• so ,0 70 a:> !a :oo � S'RIC�COJ.OOUS Sf'E'E'O 
__ __ ..; . . . - -.- - - ..._ _ _ __  ·-
· F�·�re . (VII - 2 )_ 
· ·· . . ;; . .  : . 5 2000 : HP i-p_tQ_? _ _ g_?µ�Gpp_·_�tiJYMf;t�- .�1-Wg)lillG�. _ 
-. --- -;- • . - ; : .. - . . 
· · · - --- -
· · -- ·  -w.rm --sPF.ED --• •• - t . . . . . . . . . . . . - ·  - -:- - - - - -- - - ·  
104 
.: 
. ; - . 
:�: . 
- t 
. .. · - . -
•. 
. � 
• .  
.\ 
. ; .. - ; ; (!) Per:�""'°' in;ltj"'.zru;.�.:.: j . 1 - 1 -
·
_
.: 
: : - i��-=-- · - .- - ! -: . �---r- -. . - . -:-:-=:-1 -:== .,  . .- - - . -�:=-�:--� · · ;-:- · · :r �:· 
i :.-'."- . ! - · ·!;� ©· u.r:e-tp:-?:e�tr�l : �lt�ie_a.t ·r.�tor t;� · i- -- · i- · · 1· - · --·· :=..:=.:.--.� { ·_-:-_ .. ., . . . :.�=-r==:i :==±-==-t ::.:.::±.:_.: . . . ::; • . . =:r:·.� ��:-i ... :_�·.::r.:.::=:· 
r=-;--- - - · ; . i--(z)==:3 -r- · - · ·- · · -·- :i  -- - · : ·  . . . . : . ..=::j ' . I . 1-i ===I . .Y-==l --r- =-�=- · -�� -�-:;:: . J. .: . :.:.-�.:::::..1 a=::= · · --= j · 1 - 1 ·--r I • - - - --� -· ' · r - · -! - -· · ' !==+=;:::. : 1= · ===jE8--· J�-�:��A:: ·::f= '�:�;-:. 1 
, __ _ . _ ....:;__ -t-=r== . � -· - -=-==l-- - - .;... _ -- --t- . ; . . . .  --� - · ' � \41��-- I --��E§.· --· !· . . . -·�·--·-· t ·- ;_ . . __ . ,'.. _ _  1 I I . .  · • -. -: · · ·.··- · - - -- - , - ,-- - -1 -F= . - 1 - --- .  - · ·-r --i=- ·- -- :r== . 
f::::: =:: =: ���-=: ·-: ·-� -c�.:::.l == r:_--, .±-=I - . . -· -·- L - --·· - -!- - --' - - ; --- �--3 
• t t , I · • 
_
.
_ . ! . ;  . • . • ' ·  : • . . . . - · · · �� .. � l. --� ;-� · · ..:..-,=·�-.-i .:-:-· · 
· �· · : : r �t:��1-- · : : �=r-=--4=-= +.::-:::.§ 
_ , 
• . -,- • • . • • .  : •  ' . . •  : 1 •  , . •  , • •  - �  . ,  • . •  L � , r . t · ·  . r: . --t:-:- :;-;-:-::-1 . . • I :  I ;  I . ! · 1 ·- ·  -·· --::;-::.1-:--- ;-·- -· I� . . +:+- - -· �---;-:-7�- - - - · - - - · - ----- . � - - --! - --l:.:...:._ _: _ . -. _·.;. _ ;_ :..:..LL� -� .:...;� :..:..:.:_j __ - : - -�--··_J_-_. _ _ 1..:._ _-� � . ' _  · I �- " " ' I " ' ' ' : • " " I : ' : . · I _: : _ i - . . ·-'-·-r.'..:.. .J_ . --1 · . .:.:. 
. ;. 
%..:.._ _ _  .._:__ H . I : • : . . . I : .  ! : . : �- --� · · _ __ ;... . . . _ J_ -i--1 E --� �T. •. : · · · · : . ::: · St::� '_ .  ·-r· ��J=�-:-;.:-.:·. i ! _ : ' - . I . l ! ; : . : . . : . · : . I · , 
a _ 10 · :o Jo 4a so � i� �:J 1� •�• • � $T1tClfi?OtlOU$ $.f'£aD - . 
105 
.  
.i. 
(a ) . · _The voltage i s  reduced from about 24 per cent 
to 17. 5  per cent at time of starting. At rated 
speed the voltage changes from 11 . 5  per cent drop 
to an overvoltage of 0.5 per cent. The com­
pari son of the voltage is  with respect to Case 
No . 3 of Chapter IV. The voltage drop i s  smaller 
also in this case of three motors in operation 
than the previous case · of only one motor wi thout 
the capacitor bank. 
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(b ) .  The total input current is  reduced aiso wi th re­
spect to Case No . J , because part of the power 
required by the motor at the acceleration interval 
is  reactive. This reactive power required by the 
motor i s  effectively supplied by the static 
capacitors . Figure (V  - 3 )  shows this graphically. 
The total input current changes very little be­
tween 0 and 9.5 per cent speed (Curve 1 ) . The 
input current of motor no . 3. ( Curve J )  is higher 
in magnitude than the total input current between 
0 and 40 per cent whe�e both magnitude s  are almo st 
equal . From there on the curve gradually de­
creases , and like curve 1 at 95 per cent speed , 
drops drasti cally. The inputs currents of motors 
no . 1 and 2 ( Curve 2 )  increases from 0 to 95 
per cent very little , and from there jumps to 
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'STARTING OF' MOTOR No. .3 WITH CAPACITOR BANK CONNECTED 
CHANGES IN CURRENTS AND . IN VOLTAGE DURING THE ACCELERATION 
Summa.ri zing : 
rated current. The input current in the capacitor 
( Curve 4 ) ,  has the same shape as the input current 
of motors no . 1 and no . 2 ( Curve 2 ) ,  although the 
magnitudes of the capacitor input current are 
larger.  
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( c ) . The voltage increases from zero to  80 per. cent speed 
al though the slope is very small. From 80 to 9 5 
per cent the slope increases and after the voltage 
jumps to 100 per cent. The voltage curve shown ln 
Figure ( VII - 4) is the no . 5. 
The method used for the analysis of acceleration of large in­
duction motors i s  easy to apply and may give good results depending 
upon the exactness  of the data selected . Part of the data required 
comes from the characteri sti cs of the system and the other part from 
the manufacturer of the motors . It i s  very important to obtain the 
correct data at the ratM speed , especially the characteri.stic current 
and torque of the motor since it is very difficult to read the exact 
yalues from. the curves when the motors are of very small slip . The 
characteristic  current is important becau s e  the equivalent impedance 
of the. motor depend s on it at the speed considered . The characteri sti c  
torque is  important because the acceleration of the motor i s  subjected 
to the values of torque.  
' This study has proved that the equivalent impedance of the motor 
c�anges only with speed during the acceleration interval . This 
impedance i s  mainly reactive from zero until almost rated speed and 
from there suddenly changes to mostly resi stive . 
The analysi s of motor operation with a capacitor bank conne cted 
to the bus may be useful in the design and planning of installations 
of large induction motors .  The obj ect of the design and planning i s  
to obtain the best motor p erformances and thes e  are dependent on the 
motor terminal ' s  voltage .  The careful appli cation of capacitor banks 
can correct or �liminate the voltage drop during acceleration . 
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This study has al so proved that if a motor i s  running at . 
steady-state and a similar motor is started , a contribution of 
current from the 1st to the 2nd motor is anti cipated for a very short 
time . Also if two motor s  of different si zes are connected to the same 
bus , the largest one should be started first. 
11 0 
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Appendix A 
THE ONE LINE DIAGRAM AND THE PER UNIT SYSTEM. 
The one line diagram of the system under study and the per unit 
(pu ) representation of impedances are usually required to obtain the 
data input for most computer programs. The one line diagram of a 
power system indicates a typical phase of a balanced three-phase 
system. Since the physical quantities· of volts ,amperes and ohms ' may 
range from very _ small to very large nurnb�rs , it is convenient t� re-
present these  quantities as fractions of somewhat arbitrary or base  
quantities . Furthermore , it is  convenient in  power system analysi s 
to specify a three-phase volt-ampere base  (for example , 100 MYA ) for 
the entire system, and a line-to-line voltage base for each voltage 
level in the system. The following quantities are , then , derivabl e : 
one-phase volt-ampere base : 
(Three-phase volt-ampere base) 
J 
line-to-neutral voltage bas e :  
� (Line-to-line voltage base)  - VJ 
line current base : 
.=. ( One-�hase  volt-ampere base ) _ 
(Line-to-neutral voltage base ) 
base impedance : 
(Line-to-neutral. volta�e base) 
(Line-current ampere base ) 
(A  - 1 )  
(A - 2 )  
(A - J ) 
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· 
base impedance : 
.· (Line-to-line voltage base)2 
(Three-phase volt-ampere base ) 
Line-to-line kV base 2 
( Three-phase MVA. base 
117 
(A· - 4 ) 
(A - 5 ) 
Sometimes it is necessary to convert a set of per unit impedances 
from one set of base quantities to another. The ohmic imped.a.nee , 
Z., in per unit terms is : 
(A - 6 )  
where Zi and z2 are given in per unit. 
From equation ( 6 ) 
z2 = [ ::� T [ (A - 7 )  
The ohini c impedance is  sometimes required in terms of per unit 
impedance. In this situation the following formula may be used : 
2 
z = (Per µpit impeciance) (Ba.se yolta�e in kV) (A - 8 ) ( Th;ee-phase MVA base ) 
The per unit impedance can also be calculated if ohmic impedance 
and base impedance are known : 
Per unit impedance : 
= (Actual inwedance in ohms) 
(Base impedance in ohms ) 
(A - 9 )  
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Appendix B 
DERIVATION OF THE INCREMENTAL ACCELERATION Til1'E FORMULA 
The forrmila used for the calculation of the acceleration time in 
Chapter IV was the following : 
( J. 25 )  (10 )-J (WR2 ) ( N2 N1 ) 
'1T 
ll t = Incremental a cceleration time in seconds 
WR2 = Combined inertia of motor and pump in lb-ft2 
Ni & N2 = Motor speed at instants 1 and 2 in rpm 
.ar = Average incremental torque in lb-ft 
E>cpression ( B  - 1 )  i s  derived as follows : 
( B  - 1 )  
In · Jfiysics the force , F ,  was defined as the product of mass , m ,  
times the acceleration , a .  
· also 
F = ma 
m = H 
g 
( B - 2 ) 
( B - J ) 
W = Weight of th� body to be moved . In our case weight of 
rotor and pump . 
g = earth gravity 
·The acceleration in an increment of time can be defined as 
a -
( B - 4 )  . 
where v2 and v1 are the velocity of the body in movement at 
instants 1 and 2 of the acceleration . 
v1 and v2 can also be expres sed in terms of rpm as follows : 
V2 
= 2 TT R  N2 
V1 
= 21T R  M]. 
( B  - 5 )  
( B  - 6 )  
The values of v1 and v2 ( B  - 5 )  · and ( B  - 6 )  when substituted in 
(B - 4) yields : 
a = 
a = 
21T R( N2 - N1 ) 
A t  
2'TT R 
60 
or 
if time is to be given in second s .  
( B - 7 )  
( B  - 8 )  
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The product of ( B  - 3 )  and ( B  - 8 )  will give , thus , the expression 
of force desired : 
AF = _jJ_ 
g 
(2 TT R) (�� - Nl )  
60 t 
( B  - 9 )  
And if the incremental force , AF , is  . expressed in terms of . 
incremental torque , ( B  - 9 )  becomes : 
Solving for At , 2 (WR ) (N2 - N1 ) m. 
60g 
.6 t 
And if g = J2 _rt __ 
sec2 
2 1T  = 
· 6og 
AT 
( B  - 11 ) yields (B - 1 ) .  
( B  - 10 ) 
( B  - 11 ) 
Appendix C 
SELECTED COMPUTER PROGRAMS 
The following are the computer programs selected among those  
used for the calculations in Chapter IV and Chapter v. 
1 .  Computer program for Case No � . 1 of Chapter IV. 
2.  -Computer program for Case No . 5 of Chapter IV. 
3 .  Computer program for Case No . 1 of Chapter v. 
4. Computer program for Case No . 2 or Chapter v. 
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c 
C A S E  N O  1 B GO N Z A L E Z  
A C C E L E R A T I O N T l .M E  C A ( C U L A T I O N S  O F  M O T O R N O 1 
R t A L N 
D l M t N S I ·O N  N ( 5 0 ) t C M  ( 5 0 J , T M C 5 0 ) , TL ( 5 0 , , l M ( 5 0 ) , C I N ( 5 0 ) , V l 5 0 ) · t PM V. ( 5 0 ·) t 
C P F V T ( 5 0 ) , RV T ( 50 ) , Z T C 5 0 )  
W -= 3 6 ./ 9 . 
l S = 0 . 1 5 1 60 
· V T = 4  l 60 . 
E =  V T  
'f .:; 0 .  
D T =- 0 . 
1 5  F O R M A T ( l l 2 , 4F l 0 . 4 )  
U O  l �> O  l = l , 22� , 
R E A U l l l t l 5 ) M . A A , B B , cc , oo 
tH M J : A A  
C M ( M ) == B B 
J M ( M ) � c c  . ·rll 
J l. ( �·, ) ;:; [j t_;  
1 5 0 L CiH l N U E . 
''J n ! T f: ( 1 2  , 2 2 > · . 
� 2  F O R M A l l l H 0 , 40 X , 4 5 H . A C C E L E R A T I ON T I M E C A L C O L A T I O N S� s c o o H P  MO TOR )  I . 
� � t  1 r u i 2 ,  1 6 0 > 
t·HU f U 1 £ , l b U 
l 6 0 r u M M A T ( l t l 0 , 4 X , 3 H R P M , 7 X t 2 H C M , 7 X t 2 H f M , I X t 2 H T L , 6 X , 2 H Z M . 7 X , 2H Z T , 6 X , 
I 
. c 3 H C  1 N , 7 x ' l H v t 5 x ' ' Hi ., M v ' 4 )( t 4 H r> F v ·r t •j x ; 3 H R  v T ' 5 x t 1 H 0  T 0 R Q u E t 2 )( • 6 H 0 T I � e ' 
C � X , 4 H f'  l M t J 
1 6  1 r� rnu-1 1u c 1 H o  , 1 i 9 x , t M (t > 
D U  6 0  1 = 1 , 2 2 
r � r & n1 
· Figure (- C - 1 ) 
COMPU'l'ER PROGRAM FOR CASE No . 1 OF CHAPTER . IV 
. 
• 
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l\) 
.,., 
, : 
' · · ·. , ,  .. . 
.... 
:�� 
\· 
I F ( ., • L T  • 2 2 ) J=  I & 1 
J f ( l . E Q . 2 2 ) J = 2 2  
Z M ( I > = 0 . 5 7 7 * (  V T  / C M ( I > ) 
Z M ( J ) = C . 5 7 7 * < V T / C M ( J ) J  
Z T ( I ) = Z M ( I J f. Z S  
l T ( J > = Z M ( J ) £ l S  
C I N (  1 ) = 0 . � 7 H� l E / l T (  1 ) ) 
· C I N ( J ) = 0 . 5 7 7 * ( E / Z T ( J ) ) 
V (  l ) = C I N ( I ) *Z M (  I )  
V t J ) = C I N ( J l • L M ( J )  
P M  V ( 1 >  = ( l .  7 3 *  V � 1 ) I V  T ) * 1 0  0 .  0 
P M  V ( J ) = ( l .  7 3*  V ( J ) I V T  ) * 1 C C .  0 
P F V f ( l ) = 3 . Q :cq ( V (  I ) / V T  > * * 2 ) * 1 0 0 . 0  
.P f V l ( J ) = 3 • 0 * ( ( V ( J ) I V  T ) * • 2 > * 1 0  0 .  0 
R V T( n = P F V T  ( I ) *  f M ( I ) / 1 0 0 . a  
R V T ( J ) = P F V T < J ) * T M ( J ) / l C O . O 
O T W = ( ( R V T ( l ) - T l t l ) ) t ( R V T ( J ) - T l ( J ) ) ) / 2 . 0  
D T = 0 . 0 0 3 2 5 * W 4 ( N ( J l - N ( J ) ) / 0 T Q 
W K l r e c l l ,  l b ) '  N ( I  J t C M C  I )  t T M l  1 )  , TL ' I )  t Z M C' I  >' t Z T C  I )  t C I N C  I )  ; v t J , ' 
C P M V ( I ! , P F V T ( I ) , I� V T ( I ) , T ) 
1 6  F O R M A f ( l H , 4 F 9 . l , 2 F 9 . 5 , 2 F 8 . l , 2 F 7 . l t l f l 0 . l t l � 2 6 . 4 J .  
I F C 1 . E Q . 2 2 ) GO T O  6 0  
. W K  I l [ (  l 2 t  1 7  ) D T Q , O T 
l 7 f U R  ti. A T  ! l H , 9 7 X , 1 f 1 .  1 , 1 F 8  • 4· ) 
6 0  C O N T I NU E  ' 
S T O P  
[J� D  
Figure (C  ; 1)  ( Continued ) 
� 
l\) 
l\) 
* C A S E  N O .  5 A G ON Z A L E Z  
C · C A S E  N O  5 
C M O T O R  � S T A RT E D � - M O T O R S  1 , 2 , 3 , A N D  4 A R E  R U N N I N G S T E A D Y- S T A T E  
R E A L  N 
D I M E N S  1 0 N N ( 5 0 ) , C M  ( 5 0 ) ., T M  ( 5 0 ) , T L  ( 5 0 ) , Z M 5 ( 5 0 ) , C I N ( 5 0 ) , C I N l t  5 0 ) , 
C C I N 2 ( 5 0 ) , C I N 3 C 5 Q ) , C I N 4 ( 5 0 ) , C I N 5 ( 5 0 ) , V ( 5 0 ) , p M V ( 5 0 ) , P F V T t 5 0 ) , 
C R V T C 5 0 ) , Z M T ( 5 0 ) , Z T ( 5 0 )  
W = 3 6 7 9 .  
Z S = 0 . 1 5 1 6 0  
V T = 4 1 6 0 .  
E = V T  
T = O .  
' O T = O . 
DO 1 5 0 I = l , 2 2 
R E A D ( l l , 1 5 ) M , A A , B B , C C , O D 
1 5  F O R M A T ( l l 2 , 4 F l 0 . 4 ) 
N ( M l = A A  
C M ( M ) = B B  
T M C M l = C C  
T L ( M ) = D D  
1 5 0  C O N T I N U E  
yJR I T  E ( 1 2 ,  2 2 )  
2 2 ' F O R M A T ( l H 0 , 1 2 X , 9 8 H  A C C E L E R A T I O N T I M E C A L C U L AT I O N S  O F  50 0 0  H P  MOT OR 
C WH E N T W O 5 0 0 0 HP M O T O R  A R E R U N N I N G AT S T E A D Y- S T A T E ) 
W R I T E ( l 2 , 1 6 0 )  
�R I T E ( 1 2 ,  1 6 1 >  
1 6 0 F O R M A T ( l H 0 , 2 X , 3 H R P M , 5 X , 3 H Z M 5 , 5 X , 3 H C I N , S X , S H C I N  l , 3 X , 5 H C I N  2 7 3 X , S HC 
C I N  3 , 3 x , S H C I N  4 , 4 x , S H C I N  5 , 6 X , 1 H V , 5 X , 3 H P M V , 4 X , 4 H P F V T , 5 X , 3 H R V T . 5 X , 
C 8 H O  T O R Q U E , 3 X , 6 H D  T I M E , 5 X , 4 H T I M E )  
1 6 1  F O R M A T ( l H 0 , 1 3 1 X , l H * ) 
Figure ( C  - .2 )  
COMPUTER PROO·RAM FOR CASE No . 5 OF CHAPTER IV 
··�/' 
� ; 
f-1 
l\) 
\.A) 
DO 6 0  l = l , 2 2 
T= T & O T 
I F ( I . � T . 2 2 ) J = I & l 
I F ( l . E Q . 2 2 ) J = 2 2  
Z M 1 = 3 . 5 5 6 0 3  
Z M 2 � 3 . 5 5 6 0 3  
Z M 3 = 3 . 5 5 6 0 3  
Z M 4 = 3 . 5 5 6 0 3  
Z M 2 3 4 = 1 . 1 8 5 3 4  
l M 1 3 4 = 1 . 1 8 5 3 4 
Z M 1 2 4 = 1 . 1 8 5 3 4 
Z M 1 2 3 = 1 . 1 8 5 3 4 
. Z-M 1 2  3 4 = 0 .  8 8 9 0 0 
Z M 5 ( 1 ) = 0 � 5 7 7 * ( V T / C M ( l ) )  
Z M 5 ( J l = 0 . 5 7 7 * { V T / C M ( J ) ) 
Z M T ( l ) = Z M 5 { 1 ) * Z M 1 2 3 4 / ( Z M 5 ( l ) & Z M 1 2 3 4 ) 
Z M T ( J ) = Z M 5 ( J ) * Z M 1 2 3 4 / ( Z M 5 ( J ) & Z M 1 2 3 4 ) 
Z T  ( "I  > = Z M T  U ) f. Z S  
Z T ( J ) = Z M T ( J ) £ Z S  
C I N ( l ) = 0 . 5 7 7 * l E / Z T l l ) )  
C I N C J ) = 0 . 5 7 7 * ( E / Z T ( J ) ) 
C I N l ( l ) = ( C I N C I ) * Z M 5 ( l ) * Z M 2 3 4 / ( Z M 5 ( l ) & Z M2 3 4 ) ) / ( t Z M l * ( Z M 5 ( I ) & Z M 2 3 4 l & 
C Z M S ( l ) * Z M 2 3 4 ) / ( Z M S < l > & Z M 2 3 4 ) ) 
C 1 N l ( J . ) = ( C I N l J ) * l M S ( J ) * Z M2 3 4 / ( Z M 5 ( J ) & Z M 2 3 4 ) ) / ( ( Z M l * ( Z M 5 t J J & Z M 2 3 4 ) &  
C Z M 5 ( J ) * Z M 2 3 4 ) / ( Z M 5 ( J ) & Z M 2 3 4 ) )  
, . C I N 2 ( l ) = ( C I N C ! ) * Z M S ( l ) * Z M 1 3 4 / ( Z M 5 ( l ) & Z M 1 3 4 ) ) / ( ( Z M 2 * < Z M5 ( 1 ) & Z M 1 3 4 ) & 
· C Z M 5 ( l ) * Z M 1 3 4 ) / ( Z M 5 (  l ) & Z M 1 3 4 ) ) 
C I N 2 ( J ) = ( C I N ( J l * Z M 5 ( J ) * Z M 1 3 4 / ( Z M5 ( J ) & Z M 1 3 4 ) ) / ( { Z M 2 * t Z M 5 ( J ) & Z M 1 3 4 ) & 
C Z M 5 ( J ) * Z M 1 3 4 ) / ( Z M 5 ( J ) & Z M 1 3 4 ) ) 
Figure ( C � 2 ). ( Contfnued ) -
..... 
l\) 
+:-
C I N 3 ( 1 ) = ( C I N < I > * Z M 5 ( 1 ) * Z M 1 2 4 / ( Z M 5 ( 1 ) & Z M 1 2 4 ) ) / ( ( Z M 3 * t Z M5 ( l ) & Z M 1 2 4 ) & 
· C Z M S  < I )  * Z M 1 2 4 )  I ( Z M S ( I ) & Z M 1 2 4  > > 
C I N 3 ( J l = C C I N ( J ) * Z M 5 ( J ) * Z M 1 2 4 / ( Z M5 ( J ) & Z M 1 2 4 ) ) / ( ( Z M 3 * ( Z M 5 ( J ) & Z M 1 Z 4 l &  
C Z M 5 C J > * Z M 1 2 4 ) / ( Z M 5 ( J ) & Z M 1 2 4 ) ) 
C I N 4 ( l ) = ( C I N ( l ) * Z M 5 ( 1 ) * Z M 1 2 3 / ( Z M 5 ( 1 J & Z M 1 2 3 ) ) / ( ( Z M4 * ( Z M 5 ( 1 ) & Z M 1 2 3 ) &  
C Z M S ( I ) * Z M 1 2 3 l / ( Z M S ( l ) & Z M 1 2 3 ) ) 
C I N 4 ( J ) = ! C I N ( J ) * Z M 5 ( J ) * Z M 1 2 3 / ( Z M 5 ( J ) & Z M 1 2 3 ) ) / ( { Z M4 * ( Z M5 ( J ) & Z M 1 2 3 ) &  
C Z M 5 ( J ) * Z M 1 2 3 ) / ( Z M 5 ( J ) & Z M 1 2 3 ) ) 
C I N 5 { 1 ) = C I N ( l l * Z M 1 2 3 4 / ( Z M 5 ( l ) & Z M 1 2 3 4 ) 
C I N 5 ( J ) = C I N ( J ) * Z M 1 2 3 4 / ( Z M 5 ( J ) & Z M 1 2 3 4 ) 
V (  I ) ::: C I N (  I ) ,_': Z M T  ( I ) 
V ( J ) = C I N ( J ) * Z M T ( J ) . � 
P M V ( l ) = ( l . 7 3 * V ( l ) / V T ) * l 0 0 . 0 
P M V ( J ) = ( l . 7 3 * V ( J ) / V T ) * l O O . O 
P F  V T  ( I ) = 3 .  O *  ( ( V ( I ) I V T ) * * 2 )  * 1 0 0 .  0 
P F V T ( J J = 3 . 0 * ( ( V ( J ) / V T > * * 2 ) * 1 0 0 . 0 
R V T ( I ) = P F V T ( I l * T M ( I ) / 1 0 0 . 0  
R V  T ( J )  = P F  V T . (  J > * T M ( J )  I l 0 0 .  0 
D T Q = { ( R V T ( l ) - T L ( l ) ) & { R V T ( J ) - T L ( J ) ) ) / 2 . 0  
O T = 0 . 0 0 3 2 5 * W * l N ( J ) - N ( l ) ) / 0 T Q  
W R I T E ( l 2 , 1 6 l ( N ( l l , Z M 5 { I ) , C I N ( l ) , C I N 1 ( 1 ) , C I N 2 ( 1 ) , C I N 3 1 I > , C I N 4 ( I I , 
C C I N S ( l ) , V ( I ) , P M V ( l ) , P F V T ( l ) , R V T ( I ) , T )  
1 6  F O R M A T ( l H , F 6 . l , F 8 . 4 , F 9 . 1 1 4 F 8 . l , 2 F 9 . l , 2 F 7 . l � F l 0 . l , F 3 0 . 4 )  
I F ( I . E Q . 2 2 ) G 0 T O  6 0  . 
W R I T E { l 2 , 1 7 ) 0 T Q , O T  
1 7  fr O R M A T ( l H , l O O X , F 8 . 2 , F 9 . 4 )  
6 0  C O N T I N U E  
S T O P  
E N O  
Figure ( C - 2 )  ( Continued ) . 
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� 
) . :: .,· 
* C A S E N O  1 B GO� l A L E l  · : 0 6 0 2 7 2 5 0 9 4  3 3 4 0 4 
C A C C E L E R A T I O N U F  U N t  5 t 0 0 0  H V  M O T O R  
C C A L C U L AT I ON S  A R E  C O N E  I N  C OM P L E �  F O K H  
R E A L N 
D I M E N S I O N N ( 5 0 ) , C M ( 5 0 ) , J M ( 5 0 ) , T L t 5 0 ) , C 0 S ( , 0 ) , Z M M ( 5 0 J , Z T M ( 5 0 ) , C I NM C  
C � O ) , V M ( 5 0 J , P M V ( 5 Q ) , C M R { 5 0 ) , S l N l 5 0 ) , C M l ( 5 C ) , E T A C 5 0 J t Z E T A C 5 0 ) , 
C A L F A ( 5 0 ) , B E T A ( 5 0 ) . G A M A l 5 0 )  
C O M P L E X C M C ( 5 0 ) , Z S , V T , E , Z M ( 5 0 ) , Z T C 5 0 ) , C I N ( 5 Q ) 1 V ( 5 0 )  
1 5  F O R M A 1 � 1 1 2 , 4 F l 0 . 4 , 1 F l 2 . 3 )  
n o  1 �o  I :.:: i. ,  2 2  
C K E A O  D A T A F R U M  C HA R A C T E R I S T I C S  O F  THt MO T O R-
� E A O  t 1 1 , 1 s > M i A A , e a , c c , o o , e e 
N l fl. ) -::. A l\  
C M ( M ) = trn  
T M ( M ) = C C 
f l ( M ) =: O O  
C U S ( t'l i = E E:  
l J; O  C. O N f l N U E  
vHU T E  ( 1 2 ,  2 2 )  , 
2 2  F O R M A T ( 1 H 0 , 3 0 X , 4 3 �  P E R F OR M A N C E C A L C U L A T I O N S- O N E  5 0 0 0  H P  MO T C R J 
HR i l E ( 1 2 , 1 6 0 )  ·a . "1 
W l{ l T U l 2 , 1 6 U  . .  
l 6 0 F 0 R M  A T  ( l H Cl , 1 X , 3 H r\  f�M t 6 X , 2 H CM , 5 X , 3M E T A  , 5 )( , 3 H Z M R  , 6 X , 3 H Z M I t 6 X , 3 H Z M M , 5 X 
C t 4 H Z � T A t 4 X , 3H Z T M , S X , 4 H A L F A , 3 X , 4 HC l N M , 4 X t 4 H B E T A , 4 X , 2 H V M , S X , 4 H G � � A • 2  
e x , 3 H P i�W ) 
l 6 l F 0 R t·l A T  ( l H 0 , l 3 2 X , 1 H • ) 
t R f A O  O A T A  O F  T H C SY S T e M  - V O L T A G t , t M P E OA NC e . e t c �  t N  C OM PL E X  F O R M 
V f : L M P L X ( 4 1 60 . 0 ,  O . C J 
V T M = CA B S l V T J 
t u V 'l 
Z �= C MP L X ( 0 . 00 1 7 4 , 0 w l 5 1 6 )  
Figure ( C - 3 )  
COMPUTER PROORAM FOR CASE No . 1 OF CHAPTER V 
f-1 
l\) 
°' 
. .  · ' '" '  
. .  · :· · · ' '  
' . " 
' . .  
O U  6 0  I = l , 2 2 
C C A L C U L A T E  C H A R A C T E R  I S f  I C  C UR R E N T  O F  T H E . M O T OR I N  C O M P L E X  F OR �  
C M R ( ! ) = C M l I ) � C O S ( 1 )  
5 1 N (  l ) .:: - S Q R T t 1 - C U S ( 1 > * * 2 ) 
C M  t ( 1 ) ::: C M  { I ) * S 1 N ( I ) 
C M C ( 1 > = C M P L X t C M JH I ) , C M I ( I ) )  
E T A ( l ) = 5 7 . 2 9 � 7 B • A f A N 2 ( A l M A G ( C MC C l J ) • R E A L I C MC C I ) ) ) 
C . C A L C U L A T E C OM P L E X I M P E D A N C E 
Z M (  I > = 0 . !> 7 7 * ( V T / C M C ( 1 ) )  
Z � fl (  I ) :-: C A H S ( Z M C  I ) > 
Z E r A ( J ) = 5 7 � 2 9 5 7 8 * A T A N 2 C A I M A G ( ZM C l ) J , k E � l t Z M ( J ) ) )  
Z T l l l = Z M l l > £ Z S  
. l T M  l I > = C A  U � ( l  T ( I ) ) . 
A L F A C 1 ) = 5 7 . 2 9 5 7 8 * A T A N 2 ( A I M A G l Z T l l ) ) , H EA L ( Z T ( l ) ) )  
C C A L C U L A T �  C OM P L f X I NP U T  MO T O R  C UR R E N T 
C I  N ( I > = 0 .  � 7 1 * ( E I  l T ( I )  ) 
C I N M l. l ) = C A B S l C I N (  I ) ) 
H E T A ( l ) = 5 7 . 2 9 5 7 8 * A T A N 2 ( A I M A G ( C I N ( l ) ) , R E A L ( C I N ( l ) a )  
C . C A L C U L A T E  C UM P L E X  V OL T A G E  A T  M O T O R  B U S  
V ( I )  ::; C  HH I ) * l M ( I ) 
V M ( l J = C A B S ( V (  1 ) )  
G A M A  ( I ) = 5 I .  2 9 5 7 8 * A T A r� 2 l A 1 M A G  ( V ( I I ) , R t:  A l  ( \I ( I ') ) ) 
t C A L C U L A T E  P E � C E N T  M O T O R  V O L T A G E  
P M V ( I > -= l . 7 3 * 1 0 0 . 0 * V M (  l ) / V T M 
. C W H i f E R E S U L T S  
W R i f E ( 1 2 , 1 6 >  ( N ( I ) , C M ( l ) , E T A C I ) , Z ft' l l ) t Z M M l l J , Z E T A C I J , Z T M C I J , A L F A ( 
C I J , C I N M ( l ) , B E T A ( l J , V H ( l ) , G A M A ( l ) , PM V l l J )  
1 6  F O R M A T l l H O , F 6 - l t f 8 . l , F 7 . l t 3 F 9 . 5 , F 7 . l , F 9 . 5 , F 7 . l • F B . l t f l . l t F 8 . l ,  
C F 7 . l 1 F 6 . l )  
. 
6 0  C O N l I NU E  
S T O P  
Figure ( C - 3 )  ( Continued ) 
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/ 
: ""·; * C A  S E N O" 3 C B G Ol'J l A L E  Z 
�. 
c A C C E L E R A T I O N O F  MO T O R N O  3 w 1 r H A C A P A C I T O R  B A N K  C O N N E C T E D  T O  B U S  
C C A L C U L A T I O N S  A R E  D O N E I N  CO M P L E X  F C R M  
� E A L  N 
D I M E N S I O N  N ( 5 0 ) , C M ( 5 0 ) , T M ( 5 0 ) , T L ( 5 0 ) , C O S ( 5 0 ) , Z M 3 M C 5 0 ) , Z T M ( 5 0 ) , 
C C I N � ( 5 0 ) , C J N l M ( 5 0 1 , C l N 2 M ( 5 0 ) , C l N 3 M ( 5 0 ) , V M ( 5 0 ) , P � V l 5 0 ) , C � H ( 5 0 ) ,  
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COMPUTER PROGRA}1 FOR CASE No . 2 OF CHAPTER V 
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CX> 
f: = V T  
l S = C M P L X C O � C O l 7 4 , 0 . 1 � 1 G ) 
UJ & O  l = l , 2 £ 
C L 1' L C U L A T f:  C HA R A C T E R I S T I C  C U f(R E N T O F  T H E  MO TOR · I N  C O M P L E X  ·F O R M  
C M �  ( 1 ) = C M  ( l ) * C 0 S t  1 ) 
� 1 N ( l ) = - S w R T ( l - t 0 5 ( 1 ) * * 2 ) 
C M  I ( 1 ) == C M ( I ) * S I N  ( I ) 
C M C < I > = C M P L X I C M R l l ) , C M i l l ) )  
I:: T A ( I ) = 5 7 .  2 95 7 8 * f\ 'f A N  2 ( A I M  A G  ( C M  C ( I ) ) , R E  A l  ( C MC ( I ) ) ) 
C. � E A D C 0 �'1 P L E X  I M P L O A N C E S  O F  M O T O R S N U  l , N Q 2 ,  A N O  C AP A C I T O R  B A N K  
C H C A LJ A L S O  T H E  C O M B I 1� E U  I M P E D A NC E S  O F  M O T OR l t 2  ANO C A PAC  I T O R  
l C = C � P L X ( O . O ,  �2 . 5 6 3 8 3 )  
Z � l =- CM P L X ( 3 . i 7 8 2 3 ,  l . 1 1 0 3 7 ) 
l M 2 = C � P L X ( 3 . 3 7 8 2 3 ,  l . l l 0 3 7 t 
l M l 2 ; C M P L X ( l . 6 8 9 1 2 ,  0 . 5 5 5 1 9 ) 
Z M 2 C = C M P L X ( l . 6 4 1 8 4 ,  - 1 . 8 5 7 4 4 ) 
l M l C = C M P L X ( l . 6 4 1 8 4 , - l . 8 5 7 4 4 ) 
l t1 l 2 C :;; C t-, �  L X ( 1 • 6 l l 9 9 t - 0 • 6 4 6 g 2 )  
t C A L C U L A T E C OM P L E X  I M P E O A �C E U F  M O T O R N O  3 
l r� .3 ( 'l � :: 0 • 5 1 7 * ( V T I C M C I I ) ) 
/ M 3 M ( l ) = C A B S ( Z � J ( l ) )  
L L  f' A ' H  ) · � ·/ . 2 9 '3 7 8 -<c A T A i\1 2 ( A l M A G C Z M 3 C  I ) >  , R E A L C  Z M 3 C I ) ) )  
l M C r (�l > = Z M 3 ( 1  ) * Z M 1 2 C / ( Z M 3 ( I ) & l M l 2 C ) 
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C C A L C U L A T E  T 8 T A L C O � P L E �  I M P E D AN C E  
Z T C l ) = Z M C T ( I ) & l S  
l T M ( I i = C A B S C Z T (  1 ) )  
A L F A ( I ) = 5 7 . 2 9 � 7 B � � T A N 2 C A I M A G ( Z T l l ) l , R E A L C Z T C I J ) )  
C C A L C U L A T E T O T A L  I N P U T  C U R R E N T 
t l N l  I > � o . 5 rl* ( E / Z l ( I > )  
C 1 N M  ( l ) :.: C A  U S  ( C 1 N ( l ) ) 
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c C A L C U L A n�  I NP U T  C U R R E N r ! N  M lJ TOf< N O  l 
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A l  ( I  J = 5 7  .. 2 9 � 7 8 * l\ 1 A N 2 l A l M AG ( C J N l f  I l )  , K E A L C C I N l ( I ) ) )  
C C A l l U L A l l I NP U T  C U R R E N T  I N  M U T O R  N O  2 
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c C A L C U L  A l  L l i-l i' u l C U R R c N  r I I� M O T O R  N O  "j 
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C C A L C Li L :H E  I NP Uf C U k K E N T I N  C A P A C I T O R  B A N K  
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